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On Certain Correction Terms Retpttred m Equations far the 
Kinetics of Simple Hmnolysts 

By Jflwc Ponder, from Waalirngton Square College New York Umwrmty 

(Pommunicated by Sir Edwunl Sharpey-Bchafer, F ft S - -Received May 21, 
1911 —Revwed Ocl 17 1911) 

I An Impnjml Method far Measurvng Percentage HiemtAym 

The moat aatufactory method hitherto available for the meaaurement of 
percentage h»molyBiR haa been the potaaaram cell method deacnbed m w 
earliei paper (Ponder and Yeager, 1930) This method, however, has certam 
[iimitatione and disadvantages, two of which are particularly conspicuous 

( 1 ) The galvanometei which records the photoelectnr cuneut takes several 
seconds to deflect, and several seconds more to settle at zero This 
detemunes that no more tlian four readings of the degree of htsmolysis 
can be made in a minute, and that only a few pomts can be obtamod 
on the percentage hssmolysis curve for rapidly hsamolyamg systemh 
Even these pomts, moreover, are apt to be inaccurate, for lysis is going 
on during the tune taken for the ^Ivanometer to move, the degree 
of lysis recorded is thus always greater than that really preemt at the 
moment the photoelectno oeU first receives the h^t The efieot is to 
move the percentage heemolysis curve over to the r^^t by a dwtanoe 
oonesponding to about 0 06 minutes, this shift is of little cmsMfneinoe 
if lysis 18 slow, but BMy mtroduoe considerable error if it is rapid. 

VCtt. ox —8, B 
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(u) The method is anreliable la the sense that its efficiency depends on factors 
which are controlled with difficulty and which are liable to vary 
Fhotoeleotnc httigue, although usually absent, may appear during any 
experiment, the voltage of the high ti^nsion battery or of the accumulator 
which supplies tlu^ lamp may vary, or the potassium cell may glow as 
a result of a careless exposure to the light m the interval before the cells 
are added to thi* lysm in the chamber Experience shows that these 
accidents often happen, and the necessity of being coutuiually on one’s 
guard against them makes the measurement of percentage hinmolyBis 
much more* diffiiult than would appear at first sight 

Withm the past b months I have found a virtually perfect method for 
moasuniig percentage haamolysis, and as a result have disooutmued using photo- 
eUntne cells This method employs as a photometer the Stuphonphoto- 
meter recently designed by Pulfnch of Carl Zeiss A special lamp supphes 
two equal beams of light, one of which passes through a light filter made by 
enelosing a piece of pink paper between two sheets of glass, and the other of 
which passes through a small glass chamber, 3 cm high, 2 cm wide and 0*5 
cm thicik, in which the* hsemolytic system is contamed The apparatus is so 
arranged that all the light entermg the photometer must have passed either 
through the hcsmolytic system or through the light filter The chambers 
themaolves are surrounded by a large water jacket, electrically heated and 
thermostatically controlled, while the hamiolytic system is stirred by a flat 
paddle about 3 mm wide, situated at one side of the chamber, and dnven by 
an electric motor 

The two beams of light, on<» of which has traversed the hsemolytic system 
and the other of which has passed through the pmk filter, now enter the two 
apertures of the photometer, which is designed so that these apertures con be 
reduced by turumg two graduated screw heads The beams axe then brought 
side by side so that each iHammates one-half of a spht field, viewed through 
the Btuphenphotometer eyepiece In order to measure the intensity of one 
beam with respect to the other, the screw head on the aide of the less bn^t 
beam is set at 100, and the other screw head is turned until the two half-fields 
are matdied, the reading of this screw head then gives the intensity of the less 
bi3(^t beam as a percentage of that of the brighter The mstnuneut has a 
very large rouge, and two intensities diflenng by a thousand-fold can be 
xnstehed quite easily 

Betoe using it to messore percentage hasmolysis, the apparatus requires 
to be calibrated. A series of standards representing 0 per cent, 10 per cent., 
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, I 100 per cent luBiuolyBiB is prepared by adding to 4 o c of saline 1 *0 c o, 
0*9c«c, ,0 Oco of the standard cell suspeumon to be used m the ezpenmentSi 

and thereafter OOcc., Olcc, »lOcc of the same suspension laked by 
freeamg and thawing About 2 c c of each of the standards is placed in the 
water-jacketed chambt^r, and a reading corresponding to each obtainedi the 
screw head coiresponding to the permanent hght filter being fixed at some con¬ 
venient position, say 50 or 80 on the scale From the readings, a calibration 
curve can be drawn 

In carrymg out an exjK^nment m whic h a percentage luemolysiH curve is to 
bo obtamed, 0 S v c of the lysm and 0 8 o c of salme ore delivered mto thc' 
chamber and allowed to come to the temperature of the water bath The screw 
head corrc^spondiug to the chamber m set at the position for 0 per cent hsamo- 
lysis, the head corresponding to the hght filter bemg fixed at the same jxunt as 
during calibration A grecui filter should lie used m the eyepiece, tins colour 
bemg roughly complementary to the red of hmmogiobm At a given mstant 
0 4 c 0 of standard suspension, warmed to the desired temperature, is added 
to the lysm The contents of the chamber become rapidly mixed by the 
stirrer Without delay, the observer looks into the photometer eyepiece, and 
verifies the reading for 0 per cent lysis, if the two sides of the field do not 
match, something is obviously wrong either with the zero reading obtained on 
cabbration or with the haamolytic system occupying the chamber at the 
moment If the* zero is found corrc*ct (as it almost always is), readings of the 
photometei arc* made every 5,10,15, 30 or 60 seconds as desired, the observer 
looking oontmuously mto the eyepiece and keepmg the fields matched, and the 
reading on the screw head bemg noted at each time mterval by an assistant 
It IB so easy to keep the half-fields of the photometei matched that readings 
taken at any mterval represents the percentage heomolysia present at that very 
mstant, and not, as in the ease of the potassium cell method, at an instant about 
3 seconds later 

Under certam circumstances some of the standards used for calibrating the 
a^j^pazatuB may show the ** variable light transmission ** reported by Kesten 
and Zucker (1928) The variation takes the form of a decrease m light trans- 
nuaoion, and may amount to from 5 to 10 scale diviuons of the photometer, 
it oooon in standards representing 0 per cent, 10 per cent, and 20 per cent 
lysis, slightly in standards representing 80 per cent, and not at aD m suspensions 
showing greater lytts The extent of the variation and its rate of appearance 
depend largely on the efficiency with which the suspension is stirred, but the 
spontaneous change may eventually occur (after 16 to 20 minutes} even when 

B 3 
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stuTing IB rapid No ohange m light tranBimsBion takes place, however, up to 
5 or 10 mmutes from the time the standard la first prepared, and so such 
freshly prepared standards are used for calibration throughout Once the 
zero corresponding to 0 per cent lysis m established, it is a simple matter to 
make sure that the cahliration is correct for any one expei^iment, for the reading 
taken immediately after the addition of the cells to the lysm in the chamber 
should always be that for 0 per cent lysut The effects of variable light 
transmission can thus be elimmated by using ffoshly prepared standards, 
arranging for adequate stimng, and checking the zcto for each percentage 
hffimolysis curve 

2 Correction Terms for VelocUy of 

The first use to which any improved method of measuring ptTcentage 
hesmolysiH should be put is tliat of checking the existing oi^uations for the 
kinetics of simple heemolytic reactions, in order to see if tlie existing theory 
continues to be adequate as the methods of measurement become more precisi^ 

One way in which calculated and experimental results (an be compared has 
already been described at considerabk' length (Ponder and Yeager, 1930), but 
lu certain respects the process may be shortened Th<» theory states that the 
i-esistance distribution is a function of x, the quantity of lysin transformed in 
reacting with the cells, and not of c, the concentration of lysin used to bring 
about the haBmolysis It therefore follows that if we plot a senes of percentage 
hBBmolysiB curves for a particular haemolytic system and draw lines parallel 
to the abscissa, these hues will cut the curves at points corresponding to times 
at which equal quantities of lysin have been transfoimed, or, alternatively, if 
we mark off on the curves points at which equal amounts of lysin liavn bceiitrans- 
formed, these points will all he on a straight Ime parallel to the abscissa {e g , 
one of the dotted lines m fig 1) Lines joining pomts of equal lysin transfonna- 
tion 1 call iBometathetic lines , the theory accordingly demands that all such 
fines shall satisfy the equation 

dP/*-0, (1) 

where P is the percentage hssmolysis and t tht» tune 

I have carried out a large number of experiments m which a time dilution 
curve and as many percentage hiBEmolysis curves as possible were obtamod for 
many different homolytic systems. In plotting the time-ddution curves, 
readmgB were made fat times from as short as 0* 1 mmute up to tunes as long 
as 400 or 500 nunutes, the majority of the experimmitB bemg earned out 
35** The Stupheuphotometer was used for the perouitage hieaiolysu ourves, 
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and it wa» uaually possible to obtain from 5 to 7 percentage hcemolyais 
oarves fojr each system. The experimental data are analysed m the following 
way The asjmiptote of the time-dilution curve is first found , this gives the 
value of corresponding to 100 per cent lysis Next we find the order of 
the fundamental reaction, by usmg the process described m the previous papei 

P 



Fio 1 —Idea] jsomefcathetiu lm«H The figures at the top of eaoh curve show the dilution 
of lyiin empluyod, the figures opposite eaofa line show the quantity of a; <ia micro* 
grammes) transformed 

last referred to The tune taken for the transformation of 1, 2, 3, , unitB of 

lyam is then calculated for each value of c for which there is a percentage 
hssmolysM curve, the calculation of the tune for suooeanve units being oontmued 
until the time is reached for the transformation of that number of units which 
correBpond to 100 per cent lysis On each percentage hnmolysis curve a 
pomt corresponding to the transformation of 1 unit of lyain is now marked, 
tlm pomts are jomed, and an isometathetic line obtamed. Points are next 
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marked for the tranaformation of 2 xiiuts, 3 mute, and so on The xeeub of 
joining these is a senes of isometathetic lines (see figs 1 and 2) 

A typical result of this procedure is shown in fig 2, where it will be seen that, 
contrary to expectation and to previous findmgs, many of the isometatiietic 
lines are not parallel to the abscissa^ but arc curved in such a way as to be 
concave to it With saponm, digitonm^ and sodium taurooholate this kmd 
of result 18 mvariable, and we therefore require to consider why such a divergence 
between experiment and theory anses 

The qmokest way of showmg the probable cause of the curvature of the 
isometathetic lines is to consider an actual example, which, for oonvenienee, 
IS that of which fig 2 is the graphical representation 


P 



For dceonptton and disoussion see text LetiennK has the same meamug as m Fig 1 


The time-dilution curve (26° C,) was as follows — 
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Taking or as 16 7 microgrammes, we find the best value of n to be 1 *9 
Using these values m expression (2) (see below) we obtam the calculated Taiues 
loimd IQ the third column of the table. These agree excellently with the 
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obBervtttions By meAiiH of the same fommla we can obtain the tune requited 
foe the ttansformation of vanous quantities of lysm (3, 6, 9, 12, 16, 16*7 
nuoiogranimeB) in systems with different initial lysm roncentiations; these 
times are shown in the foUowmg table — 


X 



r 

(rniorogrammofi) 



(miorogm ) 

66 7 1 

50 0 

' 40 0 

t __ 

! 31 3 

I 1 

1 28 6 

1 

25 0 

JO 0 
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0 31 

0 52 

0 7J 

1 02 

1 33 

2 OS 

0 
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0 70 

X 10 

1 60 

' 2 20 

2 93 

5 00 

9 

0 62 

1 10 

1 82 

' 2 66 

3 80 

5 29 

9 26 

12 

0 87 

1*60 

2 68 

4 05 1 

6 02 

8 47 

' 16 6 


: 1 12 

2 21 

3 70 

, 6 65 
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13 6 

32 2 

le 7 

1 1 31 , 

2 63 

4 38 

6 72 1 

1 

11 65 

18 1 

62 K 


_ _ 


1 

1__ 

_ 

_ _ 
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Pomts corresponding to each of these times are now marked off on the observed 
percentage hsamolysis curves, and the pomts conespondmg to a; 3 , jC -a: 6, 
etc jomed to give the six isomctathetu hnes shown in fig 2 These hnes 
(except that for 100 per cent lysis) are concave to the l-axis instead of parallel 
to it, and the concavity is brought about largely by the lysis m the systems 
containing the greater concentration of lysm being less advanced than n 
expected on theoretical grounds To illustrate the same point by figures, the 
percentage lysis P observed for each time corresponding to each value of x and 
of e can bo entered as m the table below, each entry of which corresponds to 
the entnes m the table immediately preceding 


* 

(miorogm ) 


1 

1 

1 66 7 

1 

1 

3 

2 

0 

12 

9 

43 

12 

74 

16 

90 

16 7 , 

99 


[ t 

! JJO 0 I 40 0 

1 ' 

1 

s I « 


16 

24 

47 

56 

81 

83 

06 

94 

99 

100 


1 I 


(miorogiamnwH) 


33 3 

1 28 6 

6 

1 

0 

27 

32 

67 

60 

83 

83 

96 

96 

100 

100 


I I 


26 0 

1 

1 20 0 

1 

10 

10 

36 

36 

60 

60 

84 

84 

96 

95 

99 

too 


If the existing theory is correct, the figures for each row should be the sune, 
but for all rows except that for x lb 7 they mciease fram left to n^^t It 
IB this steady increase which makes the isometathetir Imes appear cmioave to 
the t-axis instead of parallel to it 
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A little consideration, hov^ever, wUl show that this effect would residt from 
some factor which moves the percentage hsemolysis carves tor the higher 
concentrations of lysin a little to the right More speoiffcally, it is not difficult 
to imagine, when red cells m sahne are added to the various oonoentrationH 
of Ipm, that mixing m not instantaneous, and that the fundamental reaction 
commences, not at zero time, but a httle later Direct evidence of such a 
delay will be given below, but in the meantime I shall show, on the basis of 
the percentage hssmolysis curves alone, that such an occurrence accounts for 
the divergence between observed and calculated results 
Suppose that we consider percentage hsonolysis curves for any two systems, 
e g that for 66 7 microgrammes and that for 40 0 miorogrammes, and write 
down (a) the time, theoretically required for the transformation of 3, 6 , 9, 
12, 16 7 microgrammes of lysui m the first system (r === b 6 7 mu rogramnies), 
(A) the time, required for the same amoimts of l}rsin to be transformed in 
tht' second system (e =r 40 0), (c) the percentage hiemolysis V correspondmg 
to f (d) the time, ^ 3 , required for the same amount of lysis in the first system , 
and (s) the difference 


1 



P 

1 

1 

h 


3 

0 17 

0 52 

7 

' 

0 au 

0 13 

6 

0 3S 

11 

24 


0 0 

0 12 

9 

0 62 

1 82 

57 


0 7<> 

0 14 

12 

0 87 

2 08 1 

80 


1 o<* 

0 13 

16 7 ' 

1 31 

4 88 I 

100 

■ 

1 46 

0 14 


The difference shown in the last column is virtually constant, the dis¬ 
crepancy noted between the two curves can therefore be wholly accounted for 
by assuming that a difference m the velocity of mixing delays the lysis m the 
first system by 0 13 minute, when compared with the second A similar 
analysis of other pairs of curves leads to the same kmd of conclusion 
In addition to the evidence which results from such an analysis, mdications 
can be obtamed by direct experiment that corrections for the velocity of mixing 
are required The delay in complete mixmg of the components of a hiemolytic 
system such as that generally used is probably due to the fact that 0 4 c c 
of cells m salme, a comparatively large volume, is added to 1 *6 0 c of the lysm , 
we may therefore investigate the effect of adding the some number of cdls, 
suspended m smaller volumes of saline, to the same concentrations of lysm, in 
order to see if the tunc for complete lysis is reduoed when the volume of added 
suspension becomes smaller To do this a senes of red cell suspensions are 
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praparod, one of standard strength (S), one twice the standard (2B), one four 
tunes the standard (48), and one half the standard strength (0 58) By usmg 
these four suBpensions, lour hiemolytic systems can be prepared, the first made 
up of 1 9 0 c of lysin (saponin) and 0 J c c of 48, the second of 1 *8 o o of 
lysju and 0 2 c c of 28, the third (the tustomary one) of 1 Geo of lysm and 
c c of 8, and the fourth of 1 2 o o of lysm and 0 8 c c of 0 58 These 
four systeiDB are identieal as regards cell content, hut they differ m that nuzing 
of cells and lysin will presumably be most rapid m the first, and least rapid m 
the last Time-dihitioii curves can then be* plotted for all four systoms, and 
also a series of tunc-dilution carves for 50 per cent haemolysis The foimier are 
obtamed m the usual wav, and the latter by setting the photometer at the readmg 
for 50 per cent lysis and taking the time for this degree of heemolj^is to be 
reached, as judged by the appearance of equalitv m the two half fields The 
results appear below, the times being given in minutes and seconds 
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0 66 

2 24 ; 

1 4 

2 32 
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1 ft 

1 

4 IS 

1 12 

1 4 2H 1 

! 

1 1 16 

4 26 1 

1 

1 24 

4 36 


It will be observed that, as the quantity of fluid m which the cells are added 
becomes greater, the time for both 50 per font lysis and for 100 per cent 
lysis becomes longer, just as wc would expect rt to do from the analysis of 
percentage heemolysiB curves Tlie delay, moreover, is of the nght magnitude 
(0 1 to 0*3 minutes m these ddutions), and affects the tune taken m reachmg 
50 per cent, lysis to about the same extent as it affects the time taken for com¬ 
plete lysis This 18 bifst shown by subtracting, for each dilution, the time 
required for the lysis of the 28 suspension from that for the 48 suspensmn 
(givmg Ai), the tune for the standard suspension from that for 48 (givmg A,), 
and the tune for the 0 5 standard suspension from that for 48 (givug Ay), 
and then tabnlatmg the differences (in seconds) as in table on following page. 

Fear any one dilution, the three differences for 50 per cent lysts are virtually 
the as the three differenoes for 100 per cent l 3 rBis, the effect of adding 
the cells suspended in grea>ter volumes of salmo is thus to move the percentage 
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M) per oent lyssf. 

1 

I 

100 per cant lysis 
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j 

f 
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dt 
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1 i 
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7 
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7 


11 

5 

S 

14 

40,000 

4 

, 7 


16 


1 9 

17 

50,(K»0 

6 
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lieemolyBis curves bodily to the right by an amount which depends ou the 
oonctuxtration of lysm used and on the volume of sahne m which the added 
cells are suspended The effect is thus sumlar to that which we should antici* 
pate on the basis of the curvature of the isometathetic bnes, and the similanty 
supplies direct evidence that the explanation of this curvature, % e , delay m 
mixing, IS a correct one Each percentage heemolysiH curve obtained m 
experiment requires, m fact, to be moved a short distance to the left, such a 
displacement has, of course, a negligible effect when the concentration of lysin 
and the slope of the curve are small, but has a great effect in terms of percentage 
lysis when tht* concentration and slope are great.* 

3 Inhtintwn Terms 

Taken in conjunction with other observations, the fact tliat the isometathetic 
lines, after aUowauce is made for delay in mixing, have the equation dP/(fo = 0, 
indicates that the two expressions 

dx/dt = A; (c — »)", (2) 

and 

N = N,j’F(*) (S) 

are adequate for the description of the kinetioa of amople homolytio reaotiona 
The expresuou for the course of the fundamental reaction (ei^ceseion (2)) 
contains, however, no term which takes account of the known mhibitocy effect 
of bberated htemoglobm on the free lysm of the system, and m this respect is 
defective 

In 1926 I supposed that a constant qouitity of pigment, liberated from a 
given number of cells, would render inactive a emutant quantity of 

* The short deby m mixing also aooounts for the foot that the values of I obtained ia 
experiment are so often a little greater tium thoae requited by theory, when fyris is aajnd 
(see Ponder and Yeager, 1990) 
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This ftSBumptioiij however, led to equations oontaining so many oonstantfct as 
to be uselesB m practice A much better assumption (Ponder, 1923) is that 
ti^ quantity of lysm rendered inert is a function not only of the amount of 
liberated pigment, but also of the lysm coni^utiation, and ho, as a first approm* 
Illation, we shall re-wnte expression (2) m the form 

Jc/dt = /: (c — X — y)**, (4) 

where x is the amount of lysm used up in combinmg with the cells, and y the 
amount used up m combmmg with the pigment The quantity of pigment 
liberated mto the system at any time corresponding to the formation of any 
given quantity of x is 

j A I F (x) (Ir. (6) 

Jo 

or, very roughly 

9 “= Bx, (fa) 

the sigmoid mtegral of the distribution bemg replaced by a atraight line through 
its extremities, since the use of expression (5) leads to instduble equations 
Then y == Bo®, for, by hypothesis, it is proportional to tlic quantity of pigment 
and to the initial lysm coneentration expression (4) then becomes 

dx/dt = H [c ~ X (i +Bc)T (7) 

We can now examme expression (7) with a view to finding what effect the 
mtroduction of the mhilution term has (a) on time*diIution ouives, (fi) on per* 
oentage hsemolysis curves, and (o) on the deduced frequency dutnhution for 
rod cell resistances 

(a) Sinoc c is treated as a (Xinstant m both (2) and (7), and smea ® is always 
measured m terms of c, it will be clear that by changing the value of the 
velocity constant the expression which contains the inhibition term can be 
made to give the same numenoal results as the expression which does not 
Ab the velocity constant cannot be detemuned mdependmitly, expressum (7) 
can thus be used to give exactly the same calculated results as ei^oessiOD (2), 
and the fowtiar will desenbe time-dilution curves with precisely the same 
accuracy as the latter 

(h) Vbr the same reason, expression (7) will describe percentage hmiiolysui 
ootves m exactly the same way as does expression (2). 

(c) The ad d itio n of the inhibition term has, however, an importut effect 
OB the distributum of red cell resistances, for the asymptote is reached m 
expression (2) when c « », but m expression (7) when o «= »[1 + Bo] Let us 
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suppose, for example, that we have obtamed, as a result of analysmg penxnitags 
haemolysis uurves or of applying the “ direct method ” already desranbed 
(Fonder, 1930), a freijuenoy distribution of red cell resistances to saponin 
(fig 3) On the basis of (>xpression (2) the umts on the abscissa are amts of 



Fio 3 —JP'reqiiency Distribution of Red Gel) Reaistaiiees to Saponin 


c or of X, but on the basis of expression (7) they ore uruts of c or of x [1 + Be] 
In the former case the curve represents the resistance distribution, but m the 
latter ease we have to draw the new curve (dotted), whose ahmuiina is m 
of X =s c/(l + Be) (In the case of the curve m the figure, B has been put 
equal to 0 1, a value which, as we shall see below, is quite a usual one) The 
result of the addition of the mhibition term, accordmgly, is largely to abolish 
the long “ tail ” hitherto looked upon as oharactenstio of these resistanoe 
distributions, and to suimtitute for an unusual tyyie of curve a type which is 
mu(h more fanuliar 


4 The Second AddUvm Effect" 

The addition of an inhibition term to the egaation for the fundamental 
real tion enables us at once to account for a curious phenomenon which I refer 
to as the " second addition effect ” This can be demonstrated by an experiment 
originally designed to measure the quantity of lysm used up m hnmolysing a 
given number of cells, and which may be briefly desmbed m the following 
way If we ptoduoe lysis by using varying amounts of lysm <h. e,, etc, and 
if expression (2) is correct, there should be left, at the moment of oomplete 
lysis of n cells, (o, — *), (c, ~ x), (o, — x), nuctogtamines of lysm These 
remaining quantities of Ivsin, however, can be made to bring about lysis of a 
second n cells, added at the moment of completKm of the lysis of the ft(«t 
number, and the time which each takes to hemoIyBe the second ad d itio n can 
be used as a measure of the quantity iff l.vsm remaining after the lyns oi the 
first n cells The results of such an experiment usuaUy show that the quantity 
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of lyam which has disappeared is far from constant, and thus point to expression 
(2) bemg enonoous The following table, for instance, shows this quite clearly 
(saponm and human red cells at 25° C) — 
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07 
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1 2 6 < 

I lOii 
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40 

0 40 
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1 5 

10 0 

1 'III “ 

13 

IK 

10 

0 45 

40,000 

2 5 

70 0 

3<> 

3i 

>" 

* ** 

0 55 

60,000 

8 0 


33 3 

- 

— 

- 

*- 

80,000 1 
00,000 

30 0 


25 0 

I 

I — 

1 

— 

100 0 


22 2 

1 

1 “ 

1 

i 
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As judged by the time lias taken to hesmolysp the secoud addition of cells, 
the amount of lysin left in the system at li, the completion of the lysis of the 
first addition, is Cj, the addition of the second quantity of ceUs, however, 
dilutt^s the system fiom 2 c i to 2 4 c ( , and so we neisi to take 1 *20^ m order 
to gt?t tbc' real quantity of lysin icmaimng at This, subtracted from Cj, 
gives A the quantity of Jysm apparently used up m htemolysing the first 
addition This quantity is not a < onstaiit as it ought to be if expression (2) 
were correct, but is a function of 

If expression (7) w applicable however, the quantity of lysm used up at the 
end of the lysis of the first addition should Iks not x but r (1 + Bo) if we 
assign the value 0 25 to B, we obtain the following figures - 



J 

J/<i 

nm nigni 

miLrugni 

imc rogni 

200 

‘ 71 5 

0 36 

100 

42 9 

0 43 

66 7 

33 4 

0 50 

50 

28 6 

0 57 


which are very similar to those usually foiuid m experiments of this sort 
Hie Bunilanty is, of course, one of kind only, for the treatment of the nature 
of the inhibition is too approximat*e to lead to tnie quantitative agreement 
between expenmental and calculated reaults, the important point, however, 
IS that the addition of even a first approximation to an inhibition term at once 
aoGOunts for a phenomenon hitherto mexpUoable 
This type of result is always found expenmeutaay when saponm or any of 
the glnoosides are used os lysins, but an exception occurs with sodium tauro- 
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cholate, which, since it is so markedly inhibited by hmioglobin, one woold 
expect to show the second addition efieot best The effect, however, is not 
shown at all, for, when dotermmed by the above method, the quantity of lysm 
used up m heemolyRinj; the first addition appears to be virtually constant — 
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The question therefore arises as to whether the method used for finding A 
IS always apphcable, and the necessity of obtaining a defimte cntenon of its 
apphcabihty becomes all the greater when we remember that upon its accuracy 
depend all the results already published for the inhibitory action of plasma, 
scrum, and hsemoglobin (Ponder, 1923,1926) 

The method depends on the comparison of the tune-dilution curve of a 
system (system A), from which lysm has been removed either by an mlubitor 
or by being used up in producing lysis, with the tune^ution curve of a standard 
system (system B) As judged by equal times for the production of 100 per 
cent lysis, a concentration in system A is equal to a concentration Oi ui 
system B, the amount of lysm mhibited or otherwise removed from system B 
IS then given by 

A-(oi-c,) (8)* 

But this procedure is valid only if the difference between the two systems 
(onsists m the irreversible removal of lysm from system A, and not if the 
fundamental reactions or resistance distnbutKms m the two systmns ate 
different, more specifically, if k, n, or F («) m expressions (2) « (S) ate not 
the same m systems A and B, expression (8) wiU lead to incorrect results 
A httle consideration will show that there is only one valid test for the 
similarity of k, n, and F (as) m the two systems, vu, that the percentage hmo- 
lyns curve (Kwresponding to 0 i aoting u system A dull oommde with the per¬ 
centage hsemolyBis curve for c, m system B In practice, however, the oomj^ete 
i'omotdence is too difficult to demonstrate as a routme measure, and it ia enough 

* Or A ™ (fit — 1*3 <'i) if the system u dihitod by Inrtiter addithm af odl sn^eMini 
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to ihow that the povats for 60 per cent aud for 100 per cent hsomolyBiB comcide* 
This u best done in the following way Two time-dilution curves are plotted 
for the standard system B, the first showing the times required for various 
dilutions to bring about complete lysis, and the second showing the times for 
50 per cent lysis The times required for 100 per cent and for 50 per cent 
lysis in system A are then found m a similar manner Let be the initial 
l 3 r 8 m concentration m system A, the concentration apparently left after 
lysis of a first addition (or apparently active in the presence of the inhibitor) 
as judged by the time taken to produce 50 per cent lysis of a second addition, 
and Cg, the concentration apparently left after the lysis of the first addition, 
as judged by the time taken for complete lysis of a second addition 
Then, if A, n, and F {x) are the same in both systems, 


wht*re 

and 


A,/A,-l 

C, — 1 2Cg > 

Aj -- r, - 1 ‘Jt, 


( 9 ) 


If A,/Ai diffets Hubstantially from umty, the partiouliu- inhibitor mvestigated 
must produce changes m tlie system other than the mete mactivatiou of 
lysm, and this method of analysis is unsound. 

In the case of the second adilition effect with saponm. A,/A, is always 
auffioiently near unity, as the following experiment shows — 
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In the case of the second addition effect with sodium taurooholate. on the othw 
hand, the lysis of the first addition so changes the system that this method 
of analysis oannot be used — 
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I'hc last important caae is that in which serum or plasma is used as an inhibitor 
The results of an experiment on inhibition of saponin hesmolysis by rabbit 
serum are given in an abbreviated form m the following table, and the con¬ 
stancy of the ratio sliows that the serum may be considered as having 

no other effect than that of mactivatmg the lyam irreversibly 
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In the next table are sliown results for the inhibition of 


sodium taurocholate 


lysis by serum 
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0 00 
1 00 
0 OS 
0 OS 
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0 OS 
0 06 


The fact that Ag/A^ is so lu^arly unity in all oases and in both tables shows that 
the phtmomenon of luliibition by serum can properly be treated as the result 
of the inactivation of lysm, the relations between Ag and desonlied in 
previous papeis, have therefore to bo taken just as they stand They are 
certainly complex, and at present rather unsatisfactory, but the oomplexity 
does not depend on the erroneous nature of the supposition that the serum 
merely inactivates lysm 

Sumnaty 

This paper is ooncemed prmGipally with the effect of mtroduoing into the 
equations which describe the kinetics of simple haamolytio sjratems a term which 
takes account of the fact that the hsamoglobm liberated by the odls wbioh'first 
undergo lysis has an inhibitory effect on the lysis of the remamder. 
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It IS shown that ths addition of this new tenn does not in any way affect 
the niunenoal zesults previously obtained for time-dilution and percentage 
haamolysis curves, the only result of its addition, so far as theee curves are 
concerned, being a change m the value of the “ velocity constant of the 
equation for the fundamental reaction between cells and l]rsin An important 
difference is mtroduccd, however, m the form of the calculated distribution of 
red cell resistances If this distnbutum is computed by the use of an eapressiosi 
which contams no term for the mlubition by hesmoglobin (as heretofore), it 
shows a very long fail stretching m the direction of the upper extreme; if it 
IS computed by using the eiqiresBion which contains the inhibition term, on 
the other hand, the peculiar tail disappears, and the distribution becomes one 
of a much more common type 

By means of a new optical method for measuring percentage hemolysis, it 
m shown that additional correction terms of very small magnitude require to 
be added to the thooreticial ecjuations in order to allow for delay which ocoim 
m the complete mixing of the added cells with the other components of the 
hamolytic systems If this delay in mtxuig is allowed for, the theoretical and 
experimental values obtamed for time-diiation curves and percentage biemo- 
lysis curves agree almost perfectly 

The xemamder of the paper is concerned with various aspects of the inhibition 
produced by hsBmoglobm and the plasma, and witli the peculiar results ob* 
tamed when we attempt to measure the amount of lysm used up m haamolyaing 
a given number of cells by measuring the time taken by the remaining lysm to 
hsmolyso a second quantity of suspension added at the moment of complete 
lysis of the first number of cells These investigations do not lend themselves 
to summansaiion, but the results are m accordance with expectation 
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The Kitietics of Hofimlyau vn Ambowptor-complement Systems 

B 7 Buc PoNUKB (from Washington Sqaarr College, New York Umveirnty) 

(Ootnnmnicatei] by Sir Edward Sharpey^Sohafer, F R S —Received May 21 ^ J931 

Uevised October 17, 1931) 

IhiH paper, wbich contama a deacTiptioa of the kinetics of lisemolysiB m 
systems contaming amboceptor and complement, la the first of a series of papers 
which will deal with the kiuetics of lysis in various complex lissmolytu; systems, 
, systems m which the lysm {c g, complemcmt) is not capable of actmg except 
m the presence of a second substance, usually a “ sensitismg agent *’ (eg, 
mnboc eptor) 

1 . MaleruUs and Methods 

The methods whicli have been used in this mvestigation are essentially the 
same as those developed m connection with simpler bssmolytic sjrstems* 
Individually they are best described m the sections of this paper to which they 
refer, hut repetition will lie avoided if certain general points are dealt with 
here 

(a) Cell Smfonswm —Nearly all the experiments to be desenbed were 
earned out with systems containing sheep cells, anti-sheep amboceptor, and 
gumea-pig complement, the components bemg added m that order The 
cdl suspension, made up from cells washed three tunes, consists of 4 c c of 
defibnnated sheep’s blood finally suspended m 80 c c of 0 85 per cent NaCI 
This latter should be freshly prepared, and the suspension itself should be 
prepared shortly before the commencement of the expenmeiit in which it is 
to be used 1 keep it at 25^ C * rather than in the refngerator 

(b) Amboceptor —^The anti-abeep amboceptor suppbed by Messrs Buxroughs 
k Welcome is used* If the anti-serum used belongs to the same batch, it 
ensures that the amboceptor used on any one day possesses about the same 
activity as that used on another, and somethmg like constancy is mtroduoed 
mto one variable of the experiments The amboceptor is dduted with 0*85 

^ Betsila of this sort may seem tnwal, but are quite important, for two suspensions, one 
biptat25**C and the other at 3^0, may yield different results In this case the dsffetenose 
are numerioal only and not diffevenoesof land*bairn some oases, however, equslfy small 
variatiQnB of teelmique may ohange tiie entire reeuit of an expenment. 
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per oeat Nad shortly before use The most oouvemeat way of prepaii&g the 
dilutions 18 to use 50 c c flasks, in which dilutions of from 1 m 10,1 m 20, 

1 m 100,1 m 5000 are made and kept at room temperature (25® C) 

(o) Complement—^The complement is obtained from etherised gumea-pigs 
about 18 hours before the experiments are oommenoed, the serum bemg allowed 
to separate in the refrigerator at 3® C An hour or two before it is requiied, 
the serum is decanted, treated for 30 minutes at 3® C with an equal volume of 
washed sheep colls to remove natural heemolysins, centrifuged, and returned 
to the refrigerator 

Preparations are now made for diluting the complement loe-oold «s l ?n f 
IS run mto a senes of 50 c c flasks, and a suitable quantity of the comple- 
ment^ntammg serum added to each so as to give a senes of dilutions of 
complement from 1 m 20 to about I in 200 The flasks are kept lu the refrigera¬ 
tor until needed If these dilutions are properly made, the compiement- 
contaming serum will have been kept at 3® C for a few minutes after the with* 
diawal of the blood of the gumea-pig to the time when it is about to be 
mtroduoed mto the haemolytic systoms Hik cess m quantitative work depends 
very largely on these precautions in keeping the complement at a low tempera* 
tuie , under these conditions its rate of decay is reduced to a mmimum at 
the time of the experiment, and it behaves like a stable haomolysin. 

(d) The Homdyttc Systems —These ore prepared so as to have a total volume 
of 2 € 0 , and arc contained either in small glass tubes in a water bath at 37® 0. 
or m the gloss chamber of the Stupheziphotometer (Ponder, 1932) at 37® C 
exactly as if they were simple lieemol 3 rtic systems Although the procedure 
may vary in diflerent experiments, the hoamolytic systems are typically made 
up m the following way lu a senes of tubes are placed 0 8 c c of vanous 
dilutions of amboceptoi, from 1 m 10 to 1 m 5000 The tubes ore then plaoed 
m the water both A few mmutes are allowed to elapse to enable them to 
reach the temperature of the bath, 0*4 c.c of warmed cell suspension is then 
added to each. Sensitisation of the cells occurs very rapidly, but it is as well 
to allow a measured tune to elapse between the addition of the cells and the 
subsequent addition of the oomplement—a convement time is 5 minutes 
While the sensitisation is proceedmg, one of the flasks contammg one of the 
dilutions of oomplement (say 1 m 20) is taken from the refrigerator, some of its 
contents transferred to a large tube, and plaoed m the water bath, the flask 
18 at once letomed to the lefngerator By the tune the 5-mmute sensitisation 
period has elapsed, the oomplement will have attained the temperature of ^ 
S7®C,. 0*8 0.0 of it IS then added to each of the tubes contammg amboceptor 



20 


E. Ponder. 


and oelb, and tha heemolytic systems are thins oompleted. The tune for 
ocunidete lysis is observed for each syatem This gives the time for complete 
lysis, in systems containing varying amounts of amboceptor but a constant 
amount of complement The whole procedure is then repeated wi^ the nest 
dilution of complement (e ^, 1 m 30), and so on In thu way t can be obtained 
(if necessary, by interpolation) for systems containing any given ddution of 
amboceptor acting in conjunction with any given dilution of complement 

Since two factors, the dilution of amboceptor and the dilution of complement, 
are varied m these heemolytu. systems, and since, as will be seen later, the 
components can be added m different orders with different results,* it is 
necessary to have some short way of designating the way m which a hnmolytio 
system is made up In this and m subsequent papers the order m which a 
system is made up will be denoted by the order in which the symbols for the 
various components ore written, and the dilution of eadi compinient by a 
suffix, e g the system denotes that the cells c (contained m the usual 

volume of susp^ision) are added to a 1 m 10 dilution of the amboceptor A, 
the complement C bomg added later m a 1 m 20 dilution The volume of 
diluted amboceptor and of diluted complement is usually 0*8 oc of each, 
and the volume of suspension 0 4 c c , for, conformably with the methods used 
for the simple lysins, the total volume of the system is 2 0 c c The conoen* 
tration of amboceptor and of complement, in the completed system, can then 
be readily calculated, c </, 0 8 c c of Ajo gives A 0 08 c c (m arbitrar)* 
units), and 0 8 c c of Cgo gives C ^ 0 04 c c The system A^^c 0^ might thus 
be denoted Ao osc Cq ^, sometimes this way of wntmg it is more specific 

2 Complement Varying, Amboceptor Constant 

If the quantity of amboceptor is kept constant, the tune for complete 
haamolysiB increases in a regular manner as the concentration of complement 
18 decreased By the use of the technique described, a time-dilution curve, 
such as is shown m fig I, c«n be obtained by plottmg t against the dilution of 
complement. This curve closely resembles a time-dilution curve for a typical 
simple hsemolysm, for it passes very nearly, if not quite, through the origm, 
and proceeds to an asymptote coircsponding to a quantity of complement 
or X, which produces lomplete lysis in mfinite time In order that the 

* When the order m ivhieh the oomponents of a hosmolytic system ue mued affects 
the result, 1 call the system oatastoe^hio, and when the order of mixing is umnatenal, I 
refer to the system us an aeatustcBchic (e g , saponin-cell serum systems, which are identical 
with sapomn-semm-eell systems) 
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properties of this curve may be clearly understood, I shall use a nomencal 
example taken from the table on p 25 (Table II1)>, this example refers to a 

ComplfwM, 

liiL 



Fiq 1 —curve for complement actmg m the presence o! a constuil quantity 
of amboceptor 'J'he circles are exponmontal poiuts, while the oontmuous Ime u^oaloulated 


flystem containing amboceptor 1 m 2(X) The times for complete lysia vary 
with the quantity of complement C m the followmg way — 



(Dilution) ! 


Table I 


0 080 

1 0 U4U , 

0 027 1 

0 020 

I 

0 016 

1 m 10 

1 in 31) 

1 in 30 ^ 

1 

1 in 40 1 

ImSQ 

2 6 

j ; 

10 1 

17 1 

36 

__ 

1 1 

- ' 

1 

— 


Experience shows that a curve such as this passes to its asymptote very rapidly, 
that 18 , that even a slight reduction m the complement concentration which 
gives complete lysis m 30-60 mmutes usually results m lysis being incomplete 
even after 6 to 8 hours In this cose we may therefore provisionally set the 
asymptote at x = 0 016, and, treating the curve as a typical time-dilution 
ourve, proceed to analyse it in the usual way (Ponder and Yeager, 1930) 
The results of the analysis are as tabulated on the following page 
The close agreement between the third and sixth columns shows that the 
curve may be treated as a time-dilution curve for a simple hsmiolytio system 
in which the fundamental reaction is proceedmg according to the expresstem 

cfc/cft = Jfe(C-x)» (1) 

and m wfaioh a 1 *0 ajifmuumately A slightly better fit could fwobably 
be obtamed if we were to pat a 1 *05, for the observed ratio {fourth coJuma) 
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Table U.* 


p I s 


12 2 

H 5 

24 4 

VS 0 

30 6 

10 6 

48 8 1 

26 0 

01 0 1 

32 6 

73 2 1 

30 0 

85 4 ' 

Vi 5 

07 0 1 

62 0 

100 0 

53 3 


t, R«.tio» 

exporimental I expenmental 


1 6 

15 0 

3 2 

! 7 60 

6 0 

1 4 80 

7 8 

' 3 07 

11 0 

2 18 

16 6 

] 45 

24 0 

1 00 

60 0 

0 480 

OO 

— 


Ratio, ! 

oaloolated 

n » 1 0 j 

n- 1 0 

14 4 

1 7 

6 80 

3 5 

4 IS 

6 8 

2 83 

8 5 

1 87 

12 8 

1 43 

16 8 

1 00 

24 0 

0 606 

47 4 

1 

QO 


IB generally a little greater than that for n = 1 0, although less than that for 
a == 1 *1, the fit as shown in the table, however, is sufficiently good 
But the demonstration that complement acts as a simple hesmolyam m 
systems oontammg a constant quantity of amboceptor is not completed 
by showing that expression (1) applies to the curve relating time for 
complete lysis to complement concentration, m addition it js necessary to 
show that the percentage hsemolysis curves are obtamed by solving expression 
(1) simultaneously with 

V{x)dx, (2) 

Jo 

where N <= NoF(a;) ezproRses the resistance distribution of the oells to the 
lysin The simplest way of domg this has been dierussed m the paper 
immediately preoedmg (Ponder, 1932) where it is shown that a senes of Imes 
(iBometathetic hnes) can be drawn, each of which passes through pomts at 
which a constant amount of lysm has been transformed, through the hunily 
of percentage lusmolysis curves obtained for systems oemtauung different 
amounts of l 3 rsm, if these isometathetio Imes ate substantially parallel to the 
abscissa, »e, if 

dF/<&»0 (S) 

m each case, one can be reasonably sure that the lysm acts as a simple lysm, 
and that its kmctios are adequately expressed by equations (1) and (2) 

To lUustrato the results of this procedure, I show m fig 2 a senes of peroentags 
haemolysis curves and the oorrespondmg isometathetio hnes The observations 
are plotted m a somewhat simider way than in the paper just referred to, 

* For pniposes of oaloolation it u eonvenientto oipnostho quantity of oomplomeiit in 
cubfai miUbneties iiutead of in oufaio oentimoties, 0*040 then becomes 40, end so on. 
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instead of plotting the percentage hfiemolyais corves themselvCB^ I Iiave plotted 
the Sknphophotometer reading against time, and added a eubsidury scale by 
means of which the former can be converted mto values of percentage haemo* 
lysis p 4 In this particular case, the time-dilution curve observed was as 
follows — 

0 0 040 I 0 027 0 020 0 016 0 012 

I 

lobN 3 3 I 5 0 7 5 10 13 

fcalc 34 ; 5 2 7 5 10 0 12 8 

__ I _ _ I 

The calculated values are obtamed by puttmg n == 1 0 and x»0*0067. 
The values of t which correspond to a; 0 001 are then calculated for each 
complement concentration»the pomts marked oS on the respective curves m 
the figure, and an isometathetic hne drawn throu|^ them The process is 
repeated for x ^ 0 002 , and a second isometathetic line obtamed, and so on 
for OB 3=3 0 003, 0 004, and 0*005 As will be seen from the figure, these Imea 
are substantially parallel to the abscissa, and the demonstration that com* 
plement acts as a simple lysin m systems oontainmg a constant quantity of 
amboceptor is thus completed 

The results of experiments such as these lead to threi^ additional conclusions 
of a leas fundamental kmd, namely — 

1 In the case* of sapomn 1 have shown that the isometathetic lines are 

usually not parallel to the absc^issa, but become so only after corrections 
have been made to allow for delay in the complete mixing of the com¬ 
ponents of the system (Ponder, 1932) In the case of amboceptor- 
complement systems, on th(‘ other liand, the isometathetic lines usually 
be parallel to the «-axis, just as theory demands Corroetions for 
delay m mixmg are therefore unnecessary, but I think that this is due 
to the fact that it is diflRcult to obtain very rapid lysis, rather than to 
any essential difference between these systems and those contauung 
saponm, etc 

2 Prom the data in fig 2 it is a simple matter to detenmfte the form of the 

resistance distribution of the cefis to the lysin, t.e,, N =- N 0 F(aB) All 
the percentage hfismolysis curves in this instance yield the following 
corresponding values of P and a:, 

a; 1 2 3 4 5 6 6*7 

p 0 I 10 40 80 94 100 
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w can Iw aecn fEom tbe pomtuiB of the wonetathetw luwa; ^otkaig 
these 'values against each other, and differmtuiting gnphioally, «e get 


3t 1> 



Ho 2 —lionieiKbheffcio liaei obUined for oystems ooctaimiiK vanoua amounto of oom* 
plement (0 04oc,0 02oo«0 016 c c , and 0 013 o c ) and a constant quantity of 
amboceptor. I'he ordinate has two soalea, P repreeentmg percentage haunolyma 
and St reprosenting the Stufdio reading I'heee figures, when compared with 
those shown m the paper immediately preceding, wcUl be seen to be iipdde down, 
this u because the Stupho readingji, rather than the figursa for percentage 
hesmolysis, are used for plotting the curves 


H 



Ho 8 typical freqomey dwtribution of the resistance of senintiwd aheap oeUs to the 
Ivsin complement. For description see text 

the n8u1iaiioe<li)Btnbntio& shown m S. Th»distnbation is character* 
ised by its relative synunetiy and tiie relatively large quantity of lysm 
which requires to be txansformed before even the least resistant cell is 
hsnnolyeed 
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Th€ diBtnbatiou do€i3 not show the lonx in tbe djrdotion of the upper 
extreme which u met with m the case of sapotun la the pBpcr 
uomediately preceding thui» the pieHeiice of the tail haa beou Bhown to 
be largely due to the onussion, from the equation for the fundamontal 
reaction, of a term wluch takes account of the inhibitory efieot of 
liberatiHl hsomoglobm We might, therefore, deduce from the absenoe 
of the tail in the case of complement that the complement which acta 
m a hfemolytu* ay8t.em is not uihibited by liberated hfiemoglobm It 
can easily be shown, however, tliat the addition of luDmoglobm to com¬ 
plement, before the cells are added to the system, reaults m inhibition. 
Taken together, these facts suggest that the complement in a system 
m which the hiemoglobin jb liberated after the mixuig of complement 
and cells la in a different state from that m a S 3 rstem in which the cells 
are added after the mixing of complement and haemoglobin We shall 
see later that this difference probably consists m the complement being 
absorbed by the cells m the first system, m the absorbed state it 
seems to suffer no mhibition when hflomoglobm is liberated subsequently. 


3 Complement and Amboceptor both mrying 
When the quantity of complement used m the haemolytic system is plotted 
against the tune for complete lysis one obtains a different time-dilution eurve 
for each concentration of amlioceptor present, we have already seen that 
eaidi such curve can be analysed m terms of three constants, k, x, and n, and 
we have now to find how tliesc constants are affected by the quantity of 


amboceptor used 

By means of an extensive experiment m which vanous dilutions of com- 
idement and of amboceptor are used as described above (Section 2), the follow- 


ing typical data can be compiled 
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4 . 

1 a 

a 3 
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a 5 
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1 S 
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6 1 

Aw 

a 6 
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10 

Aw 

4 7 

10 j 

1 25 
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17 1 

m 

V. 
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20 
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Amm 

60 
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Cit 
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C„ 
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The reaults for each dilotacm oi amboceptor an to be tmated aa naolta fixr a 
diatinct hsemolytio system, m this way we have the data for no less than 
12 time-ddation corves shown m the above table, and may proceed to analyaa 
each of them in the usual way In every case n =s 1 *0 (at least approzimatdjr 
enough for our purpose), and by using the following values for x and k (Table 
IV) we obtam the foUowmg calculated results (Thble V) which should be 
compared with the experimental values diown m TaUe III 


Table IV 



An 

Ago 

Ago 

Ago 1 

I 

Ago 

Ai#» 

Ajoo 

Agoo 

Agoo 

Agoo 

Aiooo 

Agg 

*xio* 


0 0 

9 2 

10 

1 

1 

12 

15 

20 

25 

70 



Sxio* 

t 

n fl 

11 3 

10 9 

10 1 

0 7 

8 2 

6 5 

5 9 

5 0 
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Table V 



ft. 

C.. 

C,o 

Cgg. 

C.. 

C.0 

__ 

Aio 

Ago 

1 1 

2 2 

_ 

3 5 

_ _ _ 

5 2 

7 2 

9 8 

Agg 

1 1 

2 8 

3 7 

6 4 

7 8 

11 

Ago 

1 2 

2 7 

4 3 

6 4 

9 1 

13 

Ago 

1 5 

3 2 

6 2 

8 0 

12 

18 

Ajoo 

1 7 

3 7 

5 1 

0 5 

14 

24 

A„„ 

1 2 0 

5 8 

10 

17 

34 

— 

Agoo 

1 4 n 

11 

21 

— 

— 

'— 

Agoo 

1 « 6 1 

18 

58 

—. 

— 

— 

Agpg 

j 9 6 1 

28 

— 

—‘ 
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Aiooo 

1 


— 

—. 

1 — 

■— 

A *000 

1 __ 
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The agreement between the theoretical and the observed results is very good 
indeed, better, m fact, than is usually met with m experiments on simplM 
hemolytic systems This is probably associated with the value of » being 
unity, under which circumstances the tune-dilution curves can bo fitted with 
a minimum of trouble It is impossible, of course, to obtam values for x 
and k corresponding to and for there is only one eiqiemnMital 
point for each, and I have not calculated the values of these constants for Agg, 
smee systems contauung so much amboceptor htsmolyse more slowly than 
those contauung less, e g,, Agg. This relatively slow lysis m systems contdnmg 
a very high concentration of amboceptor is constantly observed, but con¬ 
stitutes a departure which is of no immediate mterest, smee such large amounts 
of amboceptor would rarely or never be used m otdmaiy experimental work 
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A ftimilar ^wmg-dovB of lyais may be associated with very high ooncentratioids 
of complement, and it is not improbable that the retardation is related to the 
large quantities of senun proteins which are mtroduced mto systems con* 
taming undiluted complement or very concentrated amboceptor. 

The way in which x and k vary with the quantity of amboceptor is shown m 
fig 4, which gives m graphical form the data oontamed m Table IV As the 

A 

MO 
030 
0^ 

031 
0tt 
030 
OU 
OU 
0 t« 

0U 
Oto 
010 
016 
Oil 
OU 
010 
000 
006 
0011 
0Q£ 

Kto 4 —Ctwo Bhowing thu way in which the oonstanto « and 1 vary with tiie amoant of 
amboceptor uaod for aenaitiaing the oella The ordinate shows the quantity of ambiH 
ceptor in cubic oeutunetres ^ the figures on the absoiasat when muHiphed by 10**®* 
give the valiies of r and k observed. 

quantity of ambocoptor becomes loss, x, the quantity of complement required 
to produce complete lysis of the cells, apparently becomes greater, and tends 
to bnnnw i" Infimte wlien the quantity of amboceptor is zero If the concen¬ 
tration of amboceptor becomes very great, on the other hand, * tends (m this 
case) to a value about 0 008, % e, even if the quantity (A amboceptm is moteased 
as mooh as possible, the quantity of complement required to bring about lysia 
tends to a constant minunal value The value of k, the ” velocity constant,” 
behaves m a rather sumlar fasbon As the amboo^tor ooneentration 
approaches seto, k apparently approaches sato also, but as the ambooeptot 
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ooQfifiiitration is indefinitely luoreased, k tends to a constant value of about 
0^0120 

The lektion between the amboceptor concentration and »»the amount of 
complement which has to be used to brmg about lysjs, is familiar m a qualitative 
sort of way, for it has long been known that it is possible to deoEreasc the amount 
of complement in a haemolytic system if the amount of amboceptor is increased, 
and still to get lysis after a long time, say, 2 or 3 hours This is often referred 
to as the reciprocal or interchangeable action of complement and amboceptor 
(see Scheller, 1910, Thiele and Embelton, 1914, and Hyde and Parsons, 
1927), " a decrease m the concentration of either component being compensated 
for by an increase m the other (Eagle and Brewer, 1929) Quantitatively 
speakmg, however, tlus phenomenon has never been satisfactorily accounted 
for, although, as will be seen below, the hypothesis advanced by Eagle and 
Brewer contams all the essentials of the correct explanation 

4 The Absorption of Amboceptor 

As soon as wo attempt to develop a hypothesis which will account for the 
relation, shown in fig 4, between the quantity of amboceptor A and the 
quantity of complement x required for complete lysis, we are confronted with 
a difficulty which docs not arise, at least in an acute form, m problems relatmg 
to simpler hemolytic systems The difficulty is that the properties of the 
himnolytic system depend on the ** degree of sensitisation of the cells by the 
amboceptor, and that this may be supposed to be detemuned by the quantity 
of amboceptor A taken up by, fixed by, or absorbed by, the cells rather than 
by the quantity A mtroduoed mto the tube, the quantity so taken up, however, 
is an unknown function of A. Looked at from a purely practical standpomt, 
time are three possibilities, which apply equally to sensitiaing agent and 
hiemolysms thomselves — 

(i) The concentration A mtroduoed mto the system and the ccnoentration 

which IS efEeotive m sensitising the cells (or, m general, acting on the 
cells) may be the same 

(ii) The concentration A may be a Imear function of the c€aioanti»tiQn 
M , the sensitising agent (or tysm) may be concentrated at the cell 
surface, but the quantity concentrated a oonstBnt fraction of the 
quantity mtrodooed Oases of this kind give nse to no di£Bmilty» for 
the efieotive oonoentration of lysin or aensitiamg agent is always a 
multiple of the quantity introduced, and to tender tune^dibition mrw^ 
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6 to«y ooffnct m terms of any uxuts whicli may be employed, all that it 
IB neoeasaiy to do is to multiply every figure for iyam coaoeiitralnoin, 
etc, by a c<MUitant 

(in) ^le third possibility is that A may be a complex function of A, as, far 
instance, in the case of the sensitising agent, bnUiant green Here tho 
amount of dye taken up by the cells is not linear with the quantity 
mtroduced, but vanes with the latter m some complex way not yet 
understood If the relation between A and A can be found, it may be 
possible to solve the problem of the kinetics of the system , if it cannot, 
one is working with a system m which the concentration of one com¬ 
ponent is unknown, and the kinetics cannot be completely solved If 
Eagle’s statement wore true that the quantity of complement fixed ” 
by sensitised cells follows the adsorption isotherm m a rather imper¬ 
fect manner, then complement would fall mto this third class of lysins, 
and the kmetics of ambo(*eptor-comploment systems would be virtually 
insoluble 

In the c^ase of amboceptor, it is relatively easy to establish the relation 
between the quantity initially introduced into the system and the quantity 
which, by being fixed by or absorbed by the cells, confers on them the sensi¬ 
tisation The method used is as follows 

1 6 c c of various dilutions of amboceptor (Ajo, A 20 , » Aiqoo) pipotted 

mto a series of tubes, and 0 4 c c of standard shc'ep cell suspension added to 
each ♦ The tubes are allowed to stand for 5 mmutes at 37*^ C They are 
then centnfuged, and 0 8 c c of the supernatant fluid removed from each mto 
another series of tubes I shall refer to this senes as senes 1 

To each of a second senes of tubes is added 1 60 c of the various dilutions 
of amboceptor and 0 4 < c of saline From each tube 0 8 c c is removed and 
placed m another scries of tubes, which I shall (all senes 2 The contents of 
the tubes of senes 1 and senes 2 are similar in so far as the amboceptor has 
been diluted equally m both, but they differ m that the amboceptor m senes 1 
has been exposed to the red cells contained m the added suspension, while 
that m Senes 2 has not 

Each of the tubes of senes 1 and senes 2 are now placed m tho water bath 
at 87® C, 0 4 c c of warmed coll suspension added to each, and sensitisaticm 
allowed to proceed for 5 mmutes , at the end of tlus time, 0 8 cc ofalmSO 

♦ It can be shown that os much amboceptor as is required can be taken up, under the 
psrUoular condltums, in less than 30 soconds 
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dilution of complement is added to each tube, and the time for complete I7BI8 
observed In this way we obtam two curves, one of which shows the tune 
taken by various known quantities of amboceptor Ct, acting m the presence of 
1 m 30 complement, to brmg about lysis, and the other of which shows the time 
tn taken by aimilax amboceptor concentrations which have been m contact with 
cells, to produce complete lysis in the presraice of the same amount of com¬ 
plement From the data we can find the amount of amboceptor present 
m the solution which has been m contact with the cells, and hence the amount 
A (= Cl — 0 |) removed by the cells laical results are as fbllowa.— 
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The constancy of the ratio in the last column shows that the amount of 
amboceptor removed by the cells is a constant fraction, withm the famita of 
experimental error, of the amount with which the cells are treated The 
constancy of the ratio is m some respects rather surprising, for the absorption 
of amboceptor has the characteristics of an irreversible reaction, and it is not 
easy to see how such a reaction can reach an equihbnum when a constant 
fraction of the amboceptor has been removed from the medium m which the 
cells are suspended The absorption of amboceptor, however, is not the only 
instance in which this kmd of absorption is met with m relation to hemolysis; 
sodium taurocholate is absorbed by cells m this manner, and also (probably) 
sodium glyoocholate and sodium oleate. It is possible that this simple relation 
between e^ and A would be replaced by a less simple one if the experimental 
range were sufficiently extended, but m the systems under consideration and 
over the range withm which experiment is possible the relative eonstancy of 
the A/c^ ratio seems to be an expenmental fact, the relation between A and 
A can, accordingly, be written 


A »i)A, 


(4) 
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1 ) having) m the above example, the value 0 75 The ordinate of fig 4 u 
accordingly correct in arbitrary units, and, if wo wish the quantity of ambo¬ 
ceptor actually mvolved m the sensitisation of the cells we have only to multiply 
the quantities mtroduced into the system by the constant t] 

6 The Absorption of Complement Complemmt vafying^ 

Amboceptor Constant 

Just as we have examined the relation between A, the quantity of ambo¬ 
ceptor mtroduced into the system, and A, the quantity absorbed by the cells, 
so we must detennme between C, the concentration of complement introduced 
and C, the concentration at or near the cell surfaces 

This question has been very fully considered by Eagle (1929) and by Eagle 
and Brewer (1929) in two recent papers Those investigators have shown that 
sensitisation by amboceptor confers upon the red cell the property of absorbing 
complement, and that this absorption is a necessary preliminary to lysis 
Complement they regard as a lysm, which is absorbed extensively when sensi¬ 
tisation 18 produced by large quantities of amboceptor, and less extensively 
when small amboceptor concentrations are used The velocity of lysts is 
determined by the amount of complement so absorbed “ With more ambo* 
ceptor a greater proportion of complement is * fixed ’ by the cell, with more 
complement, a smaller proportion, but a larger absolute amount. The result 
18 the same more complement is absorbed, and there is a corresponding 
acceleration of hesmolysis ’’ These conclusions constitute, as we shall see, an 
entirely adequate explanation of the facts, and, were nothmg more than a 
quahtative explanation required, I should have little to add to them. The 
quantitative work on which the conclusions are based, however, is erroneous 
and moomplete m several important respects, and fails altogether to provide 
a roaaonable description of the kmetics of lysis m the systems under con¬ 
sideration acoordmgly 1 shall subject the whole problem to an mveatigation 
independeiit of Eagle and Brewer’s work, at the same time comparmg at 
vanoos points their conclusions with my own • 

* Befevenoe should also bo made to two other investigations, that of McKeudnok (1911) 
and that of Hill and Parker (1026) I have had the opportunity of discuaaing the first 
of these with Colonel MoKendnak, and he informs me that he regards his experimental 
mollB ae erroneous, for heated serum is not merely complement-free, but autl-comple- 
umtaiy So far as the mathemaiioal treatment goes, the same fundamental objection 
ean be raised against both investigations, viz, that neither takes account of the existence 
uf a distribution of red ceil resistanoos to the action of the lyam This error has oom- 
pfioated so many studies on hnmcJysis and has been referred to so often that it requires no 
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The first point to be detenomed ib the nature of the dwtributioa of com*- 
plement between oelb and suapeEnsion medium The expenmental methoda 
by which this pomt u decided are highly oom^dicated, and require detailed 
descnptiQD I shaU use an aotoal example as an lUustratum, desonbing the 
experiment as a senes of steps 

1 PreparaJtwn .—standard sheep cell stispenaum is prepared in the usual 
way In a senes of 60 c c flasks complement dilutions of 1 in 20, 1 m 30> 
1 m 40,1 in 60,1 in 60, and 1 m 70 are made up m ice-cold saline , they are 
then kept m the refrigerator A 1 m 500 dilution of amboceptor is also required. 
The dilution of amboceptor must be greater than about 1 ni 50, for a reason 
which will be mentioned below. 

2 Prdtmnary TUralton —To a senes of six tubes are added 0 8 c c. of the 
amboceptor and 0 4 c o. of i^e cell suspension Sensitisation is allowed to 
take place for 6 mmutes at 25^ C , the tubes are then placed m a centrifuge, 
and the cells thrown down They are rendered sticky by the action of the 
amboceptor , as a result the supernatant fluid can be poured off without dis¬ 
turbing the cells, the remams being removed from the sides and lips of the 
tubes with filter paper The tubes now contam the sensitised cells of 0 4 o c. 
of suspension contomed m a very httle fluid Each is shaken to and fro, so 
that the sticky mass of cells is broken up, mid it is then placed m the water 
bath at 37° G About 2 c c of each complement dilution is transferred from 
the refrigerator to a large tube, and these tubes are placed m the water bath ; 
after 5 mmutes the small tubes oontammg the cells and the tubes containing 
the various dilutions of complement will all have assumed the temperature 
of 37° 0 

To the first of the small tubes is added 0*8 c c. of C^, to the second 0 8 c.c 
of CsQ, and so on, the sixth receiving 0 8 c o of the last complement dilutton 
prepared, C 70 The time t for complete lym m each tube is observed to the 
nearest minute, and entered m the first column of the foUowing table 

The rest of the table is filled m the foUowmg way The time t oorrespoivimg 
to each dilution of complement is divided into tenths, and the first six tenths 

further disoanion (i»eo Brooks, 1920, and pfevious papers of this senes). It is eaqr to 
see how it afleots Hill and Parkers hypotiiesis, for they reoogiuse that their equattom do 
not aooount for the well-marked S-shaped otirra given by inereasing oomplement when aff 
other oonditionB are kept oemstant, unless they introduoe ^borate assumptions. If the 
existence of a resistance distiibatlon were recognised, all these would become onnecesssty 
The agreement between observed and eakulated resutts, of oourse, m not TeeJSy a test of 
the theory, lor the assumptions an mtrodnoed to that end, and are not aupportsd by any 
Ind^endent oxpenmental evidence 
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Table VII 
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0 0 1 
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9 0 

1 

30 

3 
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0 1 
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15 

IS 
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1 
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sae entered in the eolumna headed hy the numbers of the tubes The reason 
for this procedure is that in the nert part of the experiment we shall add each 
dilution of complement to the sensitised cells and, instead of allowing complete 
lysis to take place, shall stop the reaction after one-tenth, two-tenths, , 
six-tenths of the time required for complete hsemolysis 
We now wnte out the figures of Table VII in the following way (Table VIII), 
the figures of which are used in the next step of the expenment 


Tabic VIII 
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2 5 
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1 5 

1 0 

0 5 
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A 5 

3 8 

2 1 

1 4 
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7 2 

fi 0 

4 M 

2 6 

2 4 

1 2 

0 

Cl. 

9 0 

7 5 

0 0 

4 5 

3 i) 

1 5 

0 

Ct, 

18 

15 

12 

9 

S 

3 
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3 of Complement Six small tubes, numbered I to 6 , and con- 

taming the sensitised cells of 0 4 c c of the suspension, axe prepared as above 
by adding 0*4 co of the suspension to 0 8 cc of A^qq, oentrifugmg and 
decanting the supernatant fluid They are placed m the water bath, and 
with them about 10 c c of the first dilution of complement, G^,, m a large tube. 
When the ooxnplement and tubes have reached 37° C, 1 *0 c o of is added 
to the sixth tube, a stop-watch being started at the moment of addition 
0*4 wu nute s later (the reader should now refer to Table VIII, reading the row 
oonespondmg to Cj® from right to left), I 0 c o of 0*0 is added to the fifth 
tube; after 0 8 mmutes have elapsed, the same amount of complement is 
added to the fourth tube, and so on The first tube thus receives 1 -0 c.o of 
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2*0 minutes after the addition of complement to the sixth After 2 4 
mmutes are elasped from the time of the addition of complement to tube 6> 
all the tubes ore removed from the water bath, transferred to a oentnfuge» 
and the cells thrown down 

The centrifuge used is of a special design, for it is necessary to separate the 
cells from the surrounding fluid with the greatest possible rapidity The 
centrifuge head, carrying six tubes, are made of aluminium, is fixed to the shaft 
of a series-wound motor, mounted vertically Tlie head revolves at the rate 
of 8000 to 12,000 r p m , depending on the load, and the motor starts and stops 
almost instantaneously This centrifuge will throw down all the intact cells 
from the systems under consideration m from 0 1 to 0 2 minutes 
The supernatant fluid thus obtamed from the six tubes are now decanted 
into SIX clean tubes, also numbered 1 to 6 m a correspondmg manner These 
are placed m the refngerator They contam the complement after it has 
been m contact with sensitised cells 2*4 nunutos (tube 6), 2 0 minutes (tube 5), 

, 0 4 minutes (tube 1), and, by titrating the concentration of complement 
contamed m each we can find the amount of complement removed from the 
imtial concentration after 0*4, 0 8, , 2*4 minutes m contact with the 

sensitised cells 

The large tube from which the complement was added to the row of small 
tubes 18 removed from the water bath when the small tubes are placed m 
the centrifuge, and ih placed m the refrigerator It is used as a standard for the 
final titration, it has been warmed to 37^ C for exactly the same time as has the 
complement added to the hsomolytic systems, and, if any decay ’* has taken 
place as a result of the warming, etc, it will have taken place equally m the 
complement added to the six small tubes and m that preserved as a standard 
The whole process is then repeated, using the next dilution of complement, 
* «9 Cso, and adding it to the sensitised cells m accordance with the Cgo row of 
figures m Table VIII And so on for C411, Cfio> Goo* anfi G70 
4 The Final TUralton —^The above procedure results in one's having six 
sets of BIX tubes each, the sets corresponding to ®80* ®40» 
aod the six tubes of each containing the oompleraent left afta each of the first 
■tx-tenths of the tune roquuod fox ooxqplete lyra by the oom^emeut added 
The quantity of complement m each has now to be found by titratim 
The huge tubes oontauung the vanous standard dilutions of omn^ment 
which have been warmed to 37* C and subeequeutly replaced m the refngerator 
are returned to the water bath, and 0*8 o c. of each added to a senes of tabes 
oontaming 0*8 c o of A,,, and 0*4 qo ot standard cell tuspenston. It is as 



KmelicB of Hamolysts 8S 

wdl to Qoe a fairly high oc»K»entration of ambooepior in these systeniBi m order 
to get moderately rapid lysis In this way wo obtain a time^dihitson eurve 
for the standard complement (Table IX) — 


Table IX 
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The SIX sets of six tubes are now removed from the refrigerator^ and placed m 
the water bath , after their contents are warmed^ 0*8 c c of each is added to a 
senes of tubes contauung 0 8 c c of and 0*4 c c of cell auspensiou The 
time for lysis is noted m each rase, as follows ~ 

Table X 

I Tiibft 

, 1 ! 2 ’ 8 I 4 I 5 16 

I ' ' I 


c>. 

3 2 

1 3 2 

' 3 3 I 

3 S ' 
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' 4 7 

4 0 1 

4 8 
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Cm • 

6 8 

! * 1 

I fl 8 ; 

1 


Cm 

0 5 

9 S 

10 
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& : 

13 

< 13 

14 

i 
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No entnea are made for Cyo* ^ tubes oorrespmiding to this dilution 
of complement hsemolysc too slowly Nor are any entnes made if the tube 
oontainmg the complement to be added shows colouration with bsomoglobiQ^ 
for this substance inhibits lysis by unabsorbed complement. It is for this 
reason that we are interested in the first six-tenths of the reaction only^ for 
m tikfi later stages the fluid obtained after separating tile cells from the com- 
plcmeat iS deejdy stained with pigment During the first throe- or four-tenths 
ol the time required for complete lysis, however, no cells are destroyed (at 
least nonoaaUy), and the oomplement-containmg flmd can be properly ktrated 
by these methods 

Table Xj we see that the tune taken for lysis m eacfii row js 
’'Virtually the some for tubes 1, 2 and 3 {and even tube 4 is included); this 
oMtte that the quantity of complement m these tubes is the same, that is, 
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that the same amount of oomplement haa bem lemoved fitom aolaticm by the 
cells, urespective of the stage at which the xeaefcion is stopped. Complement, 
m fact, IS absorbed by the cells, but the absorption is complete withm the first 
tenth of the total tune taken for lysis, and no further absorption occurs as the 
reaction proceeds The absorption of oomplement is thus a rapid process, 
which soon roaches an equihbrium, or at least a temporary steady state, and 
in this respect is very hke the absorption of amboceptor 
Comparing the times for lysis as shown m Table X with the standard tune* 
dilution curve (Table IX), we can now draw up the foUowmg table, m which Ci 
represents the dilution of complement present m tubes 1, 2, 8, etc, Cg the 
corresponding quantity left after absorption of complement has occurred, and 
A the difference 0i — Cg, or the quantity of complement removed fitom 
solution by the sensitised cells from an imtial concentration of oomplement C| 
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1 

0, 

1 in 

' C, ' 

t 

p* *- j- 

^ 1 

J/C, 
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0 040 

23 

> 0 035 , 

0 005 

0 13 
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0 027 


, 0 024 1 

0 003 

0 11 

C«o 


0 020 

' 47 

' 0 017 1 

0 003 

0 15 

C|. 


0 016 

1 50 

0 0136 • 

0 0024 

0 15 

C,. 

1 

0 013 

' es 

1 

0 0117 ' 

0 0016 

0 12 


Considermg the nature of the experiment, the ratio A/Ci is remadmbly 
constant, about one-eighth of the comidement having been removed from 
solution by the cells m each case. The absorption of complement is therefore 
not only rapidly completed, but is such that the quantity absorbed is a con¬ 
stant fraction of that mtroduced, at least m the range m which eoperunents of 
this kmd can be performed, and with a departure from constancy, probably 
largely due to experimental error, of about :j;14 per cent 
This result, although it agrees with Eagle and Brewer’s conclusions m a 
quahtative way, differs from their findings m two respects 
(a) Eagle and Brewer describe the absorption of oomplement (’’fizatioii 
of oomplement ”) as a process which takes some considerable time to complete. 
1 have always found, on the othfflr hand, that the quantity of complement 
absorbed is taken up very rapidly, and I have been unable to detect with 
certamty the takmg up of quantities less than or greater than that which is 
absorbed at the end of the first tenth of the time required for complete 
hemolysis. 1 realise, of course, that some short mterval of time must dapae 
durmg which the complomeat is being absorbed from solution, bnt this sheott 
time, so far as my experiments show, is less than one-tmdi of the time lor 
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oomplete lyBis aud usually less than a third of the “ latent period dumg 
which no lysis occurs at all 

I do not think that this difference of experimental result is of iimnediate 
consequence, for even m Eagle and Brewer's expenments the absorption of 
complement is relatively rapid , the only difference of opinion is as how rapid 
it IS * In the equations which have been used above (expression (1)) I have 
treated the absorption as virtually mstantaueous, which it probably is not But 
this and the other expressions used m this paper are no better than first approxi¬ 
mations, and, if it should ultimately turn out that the absorption of complement 
takes an appreciable time, the equations can easily be slightly modified 
(6) The second pomt upon which I disagree with Eagle is m the relation 
between C, the concentration of complement added to the system, and A, 
the quantity absorbed by the < ells This is a more important matter Eagle 
(1929) regards the process of fixation of complement" as an adsorption 
reaction, partly because he finds the relation between the quantity of com¬ 
plement removed from solution, and the quantity left free to be described by 
the adsorption isotherm, whereas I find A to be a constant fraction of 0 
He has amved at this conclusion by studying the absorption of complement by 
globulm suspensions and by agglutinated bacteria, and thmks that the result 
IS of general application Cunously enough the only data given by Eagle and 
Brewer for the fixation of complement by red cells show that the absorbed 
complement is very nearly a constant fraction of that mtroduced (or left 
free) I refer to the data given in fig 3 of theu paper, from which it can be 
shown that the ratio A/Cj is fairly constant (0*65-0 76) 

I do not wish to give the impression, however, that I disagree with Eagle m 
considermg the absorption as essentially an ** adsorption ” rather than a 
stoiohiometnc reaction I have already remarked on the fact that it is curious 
that A IB a constant fraction of C, and on the difficulty m explaining such a 
relation, which also exists between A and A, in simple terms But the 
demonstration that a reaction is of the “ adsorption ” type is not dependent on 
showing that it follows the adsorption isotherm, indeed, the Fzeundhoh 
equation neither does, nor should, apply to most biological reactions, especially 
whan they are irreversible t A good deal of difficultv, I imagme, has been 

* Ibair oentrifege, however, took 1 minute to bnng about the separation whioh the 
rapid described above effects in 0 1 minute The results, accofrdingiy, are not 

mmdy so idiahle, 

t Ba^’s flgum show that the lelatton of the logarithm of the amount absorbed to the 
higuftlim of the amount left free Is far from linear, even over the very restricted moge. 
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introduced by Eagle's geueraUaatum that the kmetics of all forms of comple- 
ment absorption, e p, by red cells, bactona, globulin suspensiouB, precipitates, 
etc., are altogether the same in a quantitative sense * 

6 Tht Absorption of Complement Amboceptor and Complement both 

varying 

We haveseon that theamount of complement absorbed bysensitised erythro¬ 
cytes IS a constant fraction of that introduced into the system, t e 

C - KC (6) 

We have now to find how the constant C vanes as the quantity of amboceptor 
IS vaned One might think that this could be done by repeating the procedures 
of the last section, using difierent quantities of amboceptor to sensitise the 
cells, as soon as this is attempted, however, we meet with a cunous difficulty 

One of the first steps is to add 0 4 c o of cell suspension to 0 8 c c of a given 
dilution of amboceptor, centrifuge after 5 mmutes, decant the supernatant 
fluid, and then add 1 0 c c of a known dilution of complement to the cells 
wliieli remam This can be done successfully if the amboceptor is fairly 
dilute, e g , But if we use a dilution of amboceptor of 1 m 60 or 1 in 

JOG, the cells remaining after the centrifuging hsemolyse even on the addition 
of isotonic saline The amboceptor, m fact, if used in this way and m relatively 
high oonoentraiion, is a lyam itself, therein resemblmg other known sensitismig 
agents all of which arc lysins if used in sufficient concentration (Ponder, 
1929) Accordingly, if we wish to mvestigato the takmg up of complement by 
cells sensitised with, say A^q, A^qq, A 5O0, and we cannot use the teohmque 
desenbed m Section 5, but must employ the more difficult method now to be 
desenbed 

1 Preparatioft —The cell suspension, dilutions of amboceptor, and dilutions 
of complement arc prepared m the usual way In the experiment which I 
shall deiicribe as an illustration, the complement dilutions were G^o) Ggo, G40, 
^eo* (^1001 amboceptor dilutions were A50 , A^qo, A^oq, 

and A^ooo 

* In tlie case of abnorptioc of oomplement baotene, etc , Eagl« takes the imioimt 
larooved after 2 horns, by which time some sort of equiUhrtum has preaumably been reached. 
One oannot neoeBsimly compare results obtained in this way with those obtained in tike 
eaily portions of a hnmolytu) reaotian, where the odls have been m contact witii the com¬ 
plement for a few minutes at most, and often for fraotuuM of a mmute only 
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2 PfAmmary Tilral%on —One dilution of complement, m this case, is 
selected for detemunmg the relation between C and 0, for the former is a 
constant fraction of the latter, and the constant is the same for all initial 
values of C, as I have just shown It is impracticable to investigate the 
absorption from more than one complement dilution, owing to the fact that 
even this limited investigation takes 4 or 5 hours where four amboceptor 
dilutions ore used 

A tube IS taken, and to it is added 0 8 c o of A 5 Q and 0 4 c of s uspeosion 
Sensitisation is allowed to take place at 37 ® C for 6 mmutes, and 0 8 c 0 of 
C 30 IS then added The tunc for complete lysis is observed, and a table wmiW 
to Table VIII drawn up 

Tulw 

1 2 ) I 4 I a I 6 

I , I 

2 5 2 0 I I r> 1 0 0 5 I U 

I ' I _ 

The procedure is repeated with Aj^q* and Aiooo I** will be observed that 
in this method the systems contam both amboceptor and complement, m 
the method m Section 5 the amboceptor was removed by centrifuging and 
decantmg 

3 Ab9orpi%(m of Complement —Six tubes are taken, and to each is added 
0 8 c c of Ago and 0 4 c c of suspension After 6 mmutes sensitisation, 
0*8 cc of Ogp is added to the first tube, 0 8 c c of C 30 to the second 0 6 mmutes 
later, and so on, m accordance with the table The tubes are transferred to 
the centrifuge at the end of 3 0 mmutes, and the cells thrown down The 
supernatant fluids, containing the unabsorbed (omplcment and m this case, 
unabsorbed amboceptor also, are transferred to clean tubes and placed m the 
refrigerator 

4 Preparatton of Standards -In order to determine the amount of comple¬ 

ment left m each of tlu* supernatant fluids obtained m the last step, we require 
to pn>pare a senes of suitable stamlards against which they may be titrated 
In preparing these, it is necessary to remember that the rod cells have removed 
amboceptor as well as complement from solution The value of t) m expression 
(4) has, therefore, to be found for the s)rBtein, as m Section 4« A senes of eight 
tubes IB then taken, and to each is added 0*8 0 c of and 0*4 c 0 

of saline , the quantity of amboceptor is thus made the same as that contained 
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I 

I 


I 
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m the tubes used m step 3 , after absorption of a fraction t) of amboceptor has 
occurred* The tubes axe then placed m the water bath, and with them a 
senes of tubes containing about 2 c c of Csq, , C^qq flasks 

m the refngerator The first of the tubes containing amboceptor and sabne 
receives 0 8 o c of G 2 o« the second 0 8 c o of Ggo* &nd so on The eight tubes 
are transferred to the refrigerator They contain known quantities of oom- 
plemeat m the presence of 0 8 c c of and 0*4 c c sabne, and con¬ 

stitute a senes of standards against which the supernatant fluids obtamed m 
the previous step can bo titrated, for these contain unknown quantities of 
complement lu the presence of 0 8 cc of and the 0 4 cc* of 

salme used for suspending the cells of the suspension. 

The some procedure (as in steps 3 and 4 above) is carried out using A^qo, 
A^oo, and A^q^o, a senes of standards containing known quantities of oomploment 
bemg prepared for eocL 

5. Final Titralvon .—^The two senes of tubes corresponding to Aqq are removed 
from the refngerator From each of the standard tubes containing Gg^, G 30 , 
, etc , 1 5 G.c IB transferred to a scries of clean tubes These are placed m 
the water bath, and 0 3 of a warmed sensitised cell suspension is added to 
each This suspension is prepared by mixmg equal volumes of A^go 
standard cellsuspenaion, washing, and reauspendmg to the onginal volume of the 
suspension used The reason for using a sensitised suspension at this stage 
IB that the quantity of amboceptor m the complement-amboceptor mixture 
to which the cells are added is usually too small to give reasonably rapid lysis. 
The tune for complete lysis of each tube is observed, this gives us a time- 
dilution curve for Ggo* G,o, , G^gg acting m presence of Agg/Q^^) on the 
cells of the sensitised suspension The values of t which are reqmred are — 

Oao C 40 Cgg 0.g 

8 0 10 5 16 26 

The contents of the six tubes contammg the supernatant fluid obtamed by 
centrifuging are now titrated by transferring 1*6 0 c itom each mto a senes 
of clean tubes, and, after warming, addmg 0*3 c.c of the sensitised suspension 
just desonbed The times for lysis ore — 

Tube 1 2 3 4 6 6 

/ 24 26 26 26 — 

The contents of the last two tubes showed pigmentation with hssmoglobm, 
and so were rejected The first four hsemolyse, however, in the same tune, 
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^ e, 25 mmutea Referring to the standard time-dilution ennre, we see that 
the oozQplement dilution corresponding to 25 minutes is O 0 Q, the complement 
introduced into the system, however, was C 30 , bo just half of it hsji apparently 
been absorbed by the cells sensitised with A 50 Thus 2^ -s 0 5 
The supernatant fluids obtained from the systems sensitised with 
A 0 O 0 , and Ajood ^ titrated m au exactly similar manner, each against the 
oonesponding senes of standards In every case the contents of the tubes 
derived from the same series and containing the supernatant fluid will be 
found to haamolysG m the some time (unless hflemoglobm is present), thus 
mdicatmg the rapid removal of complement in each system The tune taken 
for complet/o lysis may be quite long m the S 3 rBtemH corresponding to A^goo > 
tunes taken by the standards, however, are also longer (as the total amboceptor 
concentration is less), and so the quantity of complement found m the super* 
natant fluids turns out to be greater than m the fluids derived from systems 
oontaimng the greater amboceptor concentrations Thus, the titrations bemg 
completed, we ran tabulate the values of ^ found for different values of A— 

?:=„0 500 

A,00 !: = 0 46() 

A*„„ !:-0 220 

^xoo. - 0-084 

As the concentration of amboceptor used for sensitismg the cells decreases, a 
smaller and smaller proportion of any concentration of complement is absorbed 
This is altogether m accordance with the conclusion of Eagle and Brewer 

7 The Bdahon of the Absorption of CofnplemerU to the Value of the OonsianU 

of the Time-dihiiwn Curves 

We are now lu a position to consider the way m which the absorption of 
oomplement is related to the values of x and of i m the egressions which 
deecribe the tune-djdution and percentage haemolysis curves obtamed when 
various amounts of amboceptor are used to sensitise the cells of the systems. 
The typical relation between these constants and the quantity of amboceptor 
used is shown m fig. 4 and has been discussed already. 

Now z m the expression 

^ to = logC/C-A 

wiueh IB integral ot expression (1) when n =» 1, is the quantity of lysm used 
tip m complete lyms of the cells of the system, and ooiresponds to the 
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asymptotic oonoeatiation of the tiine-dilati<ni curve for the partionJar system 
oonoenied, t.e., x is measured m the same muts as C. But vre have just seen 
that the efiective quantity of complement absorbed at the reU soifooe is a 
constant fraction of C, so that 

C = CC (6) 

and so X, the quantity of lysiu actually used up m producmg lysis of the cells 
must be a fraction of x, i e , 

x = ( 6 ) 


To evaluate x, I shall use data obtained at the same time as the valuea of C m 
Section 8 The following tabic shows these values of ^ and of x oorrespmidiiig 
to different quantities of amboceptor, the values of x bemg obtamed by plotting 
time-dilution curves for the systems contammg Asg, Aigg, Aggg, and A|ggg> 
respectively 

Table XI 



{ 1 

1 ^ 

1 

X 

0 500 

0 008 

i 

0 0040 

0 450 

0 010 


0 0045 

0 220 

; 0 020 

1 

0 0044 

0 084 , 

0 oeo 


0 0050 


The remarkable nature of this result will be seen immediately, x, or 1^ has 
a neatly constant value, t e, the quanti^ of lysm used up m producing complete 
lysis of the cells tends to be constant, irrespective of the quantity of amboceptor 
used for sensitisation Complement accordingly behaves like a simple hasmo- 
lysm such as saponin, and the reason that many time-dilution curves can be 
obtamed when the amount of amboceptor is varied is that each quantity of 
amboceptor deteimmes tluit a different fraction of the added comj^ement 
shall be absorbed The greater the quantity of amboceptor, the greater tiie 
fraction becomes, e q, if the quantity of amboceptor is great we have a large 
fraction absorbed, such as 0 6, from a comparatively dilute complement, 0^ 
but if the quantity of amboceptor is small, a smaller fraction, eg, 0*26, is 
absorbed from the less dilute complement 0«g The two processes clearly 
give the same concentration of oomplemmit at the cell mtoefooes AU the 
time-dilution curves obtained when different quantities of amboceptm ore 
used accordingly merge mto one single time-dilutioii curve when the absorptioii 
of comidminit is taken mto account, and when C is replaced by C» and a by x. 
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In like mamieri the curve marked x in hg 4 becomca a straight hno when the 
absorption of the complement is allowed for Reference to that figure will 
show that the curve passes up very steeply as the quantity of amboceptor 
mcroases , the straight Lnc referred to obviously tend*! to be the tangent to this 
ascending part of the curve at some pomt corresponding to the maximiun 
quantity of amboceptor which can be absorbed by the colls, and which seuaitises 
them maximally This quantity is doubtless largo, but is probably limited 
by the fact that the cell component by which the amboceptor is absorbed is 
itself limited The curve marked a; m hg 4 also passes towards a; ss a> when 
A 0» this because = 0 The experimental results are accordingly what 
we would expect, on theoretical groimds, if we were to consider the kinetics 
of the action of a simple lysm operatmg m conjunction with some agent, m 
this case amboceptor, which had the effect of varying the fraction of the lysm 
i^onccntrated on the cells 

The values of ^ and of x obtained m expenmeuts such as these are subject, 
of course, to experimental errors of considerable magnitude If 21 is determined 
for one concentration of complement only, the experimental error may be as 
much as ±16 per cent It would doubtless be much smaller if several estima¬ 
tions could be made for several different complement concentrations and an 
average value obtained (as m Secstion 6) This, however, is impracticable m 
an expenmeut m which several different concentrations of amboceptor are 
used, for even the procedure described m Section 6 takes 4 or 5 hours to carry 
out, and the danger of the complement undergoing decay, if the experiment is 
further prolonged, is too great In the same way the value of which has to 
be found at the time as that of although m a way which makes its 
determination really a separate experiment, is subject to an expenmental 
error of about ±10 per cent In view of the magmtude of these possible 
errors, I it is as well to regard the relations described m this paper, and 
especially the relation = constant, as first approximations which may 
subsequently require slight modification, even regarded as approxunatumB, 
however, t‘ he*p relations provide us with a simple, consistent, and mherentiy 
probable wnhitinn of the kmetics of lysis in amboceptor-complement systems 

Although X (t c, 2» IS the same for all the time-ddution curves, irrespective 
of the quantity of amboceptor used for sensitising the cells, k, the " velocity 
constant in the equation for the fundamental reaction between cells and 
lysm (e:qit8ssion (1)), is not. As the quantity of amboceptor is mcreased, h 
becomes ^leater (fig 4) But it must be borne m mmd that as the quantity 
d amboceptor mcreoses, more and more oomplement is absorbed One 



44 


E Ponder 


may fonn a picture of what happens in the following way Some component 
of the cell, neoessanly limited in amount, is capable of reacting with and 
absorbing amboceptor, the quantity of absorbed amboceptor m turn deter- 
mmes the quantity of complement absorbed from any given complement 
concentration, and it is by no means unlikely that the greatei the absorption, 
the greater the surface of the cell involved Under such oircumstanoes the 
value of h m expression (1) would be expected to become greater as the amount 
of absorbed complement becomes greater, both these quantities increasing with 
mcrease m the amount of amboceptor More specifically, h would be expected 
to be roughly proportional to whence, smoe « x (a constant), we would 
expect to find the relation 

kx constant (7) 

This relation, however, is imperfectly fulfilled (see Table IV) The picture 
formed is therefore inadequate for quantitative purposes, qualitatively 
speaking, however, the relation is of the sort one would expect on the basis 
of such simple reasoning as the above 

Summary 

This paper deals with the kmetics of hesmolysis m systems contammg anti- 
sheep amboceptor, sheep cells and gumea-pig complement, when the ^fiiree 
components arc added m this order 

If the quantity of amboceptor is kept constant, the relation between quantity 
of oomjdemcnt used and the tune required for complete bssmolysis m any given 
system is desenbed by expressions identical with those for the action of a sunple 
hiBmolysm The equation descnbmg the fundamental reaction between the 
complement and the i^ells, contains three constants, n, sr, and k , the value of 
n, upon which the order of the reaction depends, is usually very nearly unity 
and the value of x and h are functions of the quantity of amboceptor used 
If this equation is solved simultaneously with another expression which gives 
the frequency distribution of the resistance of the cells to the Ij^sm, percentage 
hnmolysiB curves are obtained exactly as though the complement were a simple 
lUBmol3rsm 

It IS shown that amboceptor is rapidly absorbed by the ceils of the system^ 
tlie quantity which is taken up being, witbm the experimental range at least, 
a constant fraction of the quantity imtialiy introduced 

In the presence of a constant amount of amboceptor, complement is also 
absorbed by the cells, and again the amoimt so absorbed is a constant fraction 
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of the quantity initially mtioduced. The taking up of complement by the 
sensitised cells occurs rapidly, and is complete within the first tenth of the tune 
required for the luemoljrtic reaction to be complete The numerical value of 
the fraction absorbed (mdicated by 2|) is a function cf the quantity of ambo¬ 
ceptor used for sensitisation when the latter is great, a large fraction (ap., 
^ as 0 ‘ 5 ) of the complement is absorbed, whereas if the latter is the 
fraction absorbed is small (e 9,0*1) 

If the quantity of complement mitially introduced is C and the quantity of 
complement absorbed at or near the oeUs is C, C is thus equal to Sixmlsrly, 

the quantity of lysiu actually transformed m produemg lysis of the cells is x 
and thus must bo equal to It is shown by expenment that this latter 
quantity is a constant, t e , that m the lysis of a given number of cells a con¬ 
stant quantity of complement is used up irrespective of the amount of ambo¬ 
ceptor used for sensitisation The only efiect which a variation in the quantity 
of amboceptor appears to produce is a variation ui the abiUty of the cells to 
< oncentrnte complement from the surroundmg medium With a small amount 
of amboceptor, C is small and a small fraction of complement is absorbed, while 
with a large amount of amboceptor, C 19 large and large amounts of complement 
are absorbed Absorption of a small fraction from a relatively concentrated 
solution of complement, and absorption of a large fraction from a relatively 
dilute solution of complement thus result m the same tbmg, t.6, the absorption 
of a ooDStant quantity and the transformation of a constant quantity x m the 
production of the ensuing lysis The system contammg amboceptor, cells 
and complement can thus be treated as a system contammg a simple hsamolysm, 
ccunplement, which, after allowance is made for the degree to which it is 
absorbed at or near the cell interfaces, acts very sumlarly to sapomn and other 
Bunple lysms 
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On the True Metabolic Rale of the Chick Embryo and the ResptnUton 

of Its Membranes. 

By Joseph Needham, M A , Fh D , Fellow of Cams OoUege, Gambndge 
(dommumcated by Sir F Gowland HopbiiiB, P R B.— Received Octobez 31,1931) 
(From the tiioohemical Laboratory, Cambridge^ Butdand ) 

IiMroduetton 

It has always hitherto been supposed, by those who have occupied themselves 
with the examination of the vanoos metabobo aspects of the developing 
chick embrjro, that the metabobsm of the embryomc membranes might be 
regarded as negligible Thus it has been the classical practice (as by Bohr 
and Hasselbalch (1900), Atwood and WeaMey (1924), Lamson and Edmond 
(1914), Hanan (1928), and Murray (1925, 6)) to relate the amounts of oxygen 
entering, or of carbon dioxide leaving, the whole egg, to the wet or dry weight 
of the embryo, and thus to calculate the metabobo rate, leaving the embryonic 
membranes out of account But it is clear that this ctm only be a first approzi* 
mation, for the yolk-soo with its layers of endodeim and its vascular ajdandi* 
nopleure most possess an active metabolism of its own The work of absorption 
which it performs, as illustrated, for instance, m the reoeut histological descnp* 
tion of Bemotti (1927), can hardly be earned out with no expenditure of energy 
The allantois, again, is covered with vascular apbmohnoideoie, and must be 
credited with some respiration of its own But upon precisely what tins 
respiration amounts to relatively to that of the embryo, will depend the true 
values for the metabobo rate of the embryo itself It may be said, of course, 
that the extra-embryomo membranes consist of tissue which is phyBudogioally 
]ust as young as that of the embryo itself, and that cimsequently the part 
played by membranes and embryo could easily be calculated from their weights, 
assuming their respiratory mtensities to be egmvalent. But to argue thus 
would be to make a very large assumption, an assumption which, as mil 
later be evident from the results reported m this paper, has no foundatioii m 
fact 

Until recently, measurements of the weights of the extra-embryomo mem¬ 
branes of the hen's egg were buddng, apart from some very infv»mph»fa» 
scattered m the bteratuie (e.g , Hasselbalch (1900)) But the luw iifat* wodc of 
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BjeAjf Be yet tmpabbshed, has laid the foundations of a solid knowledge of the 
weights aiid giowth-iateB of the membianes The weights of yolk-sao and allan- 
toiB in percent ofthe totalhving matter m the egg are shownmfig 1, agraph 
oonstructed from the data of Byerly Dunng the first 4 days of development, 
when the einhryo is being lifted off the surface of the yolk, and the blastoderm 
is enoloBing the yolk and the vitellme membrane^ the yoUc-sao forms as much as 
80 per cent, of the total mass of livmg cells withm the egg» but after this time 
it rapidly falls^ and by the tenth day has reached a constant level which it does 
not afterwards forsake until the tune of hatchmg The yolk-sac therefore 
grows much more rapidly than the embryo durmg the first week of develop¬ 
ment, but dunng the last 2 weeks it grows at approximately the same rate 
The allantois, on the other hand, does not begm to play an appreciable part 
until the fourth day, but once its growth has begun, it contmues very vigorously 
till days of development have passed, at which tune, it is outstripped by the 
embryo, and the allantois-weight m per cent of the total weight, coirespondm^y 



^ yolk-sao, 
o aUantcos, 

• yolk-sao and allantois together 


deehnee, as shown m fig 1 The curve for yolk-sao plus allantois reflects these 
movements 

In estimating the signifioanoe of the eztra-embryomc membranes m the 
metaboho hie of the devslopmg egg, the first requisite was a knowledge of 
their respiratory mtenshiy. Ibis known, a calculation of the true metabdio 
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rate of the embryo would be possible, by subtracting the membrane respiration 
from the respiration of the whole egg But smce the measures of eflSoienoy of 
growth durmg embryomo life, both as regards material (the Plastic Effimenoy 
Coefficient) and as regards energy (the Apparent Energetic Efficiency), require 
a knowledge of the combustion^nrate of the embryo, the way would he open 
for a recalculation of them m the hght of more accurate information It was 
therefore decided to carry out a survey of the respiratory mtensity of the 
membranes tn v%t/ro on each day of development 


ExpenmenUd Methods 

The membranes of the developmg chick ofEor for vn vitro respiration experi¬ 
ments a remarkably mterestmg material, which, it is surpnBing to notice, has 
never previously been studied They possess m this connection one great 
advantage, namely, that they may be placed m the cup of the manometer 
without any preliminary shcmgi mmcmg, or destruction of cells such as is 
required when the ordinary masses of tissue are being studied Smce they 
consist of thm layers of cells, it may be assumed that diffusion of oxygen is 
not a limitmg factor m the oxygen-uptakes which they show Moreover, 
the membranes possess considerable structural strength, so that after 6 or 6 
hours’ shaking m buffered Rmger solution, the piece of yolk-sac or allantois 
may be removed from the cup and found to retam its original appearance 
This 18 in some contrast to the embryomo tissue itself, which shows, especially 
m the earliest stages, a tendency to break up mto a flaky suspension 

But the yolk-sac and allantois also "possess one great disadvantage, namely, 
that in both oases it is very difficult to obtam figures for their true weight, ».e., 
for the weight of iivmg cells oontamed m them The yolk-sac, as has long 
been known, contains m its walls the so-called miraoellular yolk,” yolk 
coUocted m small vesicles, rangmg from miorosoopio dimensions up to well 
mside the range of visibihty, and much more numerous m some yolk-sacs 
than m others Biddle (1916) is the only mvestigator who has taken account 
of the intracellular yolk, he made analyses of yolk-sacs containing it and 
freed from it as far as possible The allantois, agam, suffers from the 
disabihty, owing to the presence of the ammo-allantoic cysts,” first described 
by Boyden (1929) Boyden’s cysts occur usually as transparent blister- 
shaped vesicles withm the mner wall of the allantois m the region of the mxuuo- 
allaatoio fusion. Thef may attam a diameter of ^ inoh, but they can be ioiiiid 
of all sues from this downwards mto nuotoscopio regions On the .«"ni/«fa« 
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side they are separated from the amaiotic cavity by ectoderm, muscle, and 
{ffobably mesothelmm, on the opposite side they are only separated from the 
allantoic cavity by endoderm and perhaps mesothehum This suggested to 
Boyden that their relation with the allantois was probably closer than their 
relation with the ammon, and as they contain a viscid fluid m which coagulable 
protean is demonstrable, he thought it likely that they might be the source 
of the glairy mucous material which surrounds the precipitates of unc acid m 
the allantoic liquid In any cose, their number and constant ocourrenoe, 
together with the impossibility of removing them without destroying the 
mtognty of the tissue, renders them the counterpart of the rntraoelliilar yolk 
of the yolk-sac, and makes the accurate determination of the weights of the 
membranes a difficult matter It is for these reasons that the scatter m the 
results here to be reported is much greater than might be desired Evidently 
only a statistical treatment could solve the pomt at issue 
In comparing the oxygen*consumption of the isolated membranes with that 
of the inta(‘t egg, it was obviously very important that the membranes should 
be mamtamed lu conditions as physiological as possible, and that their respira¬ 
tion as measured tn vutjro should reproduce as accurately as possible their 
respiration in the mtact egg It would therefore have been desirable to use 
the Warburg manometer, since the bicarbonate Ringer solution and gas 
mixture employed m it may probably be oonsiderred more physiological than 
the phosphate buffer and Ringer solution of the Barcroft differential mano¬ 
meter But certam expenmeuts (Nos 116, 117 and 118, not mcluded in the 
subsequent tables) showed that the Warburg apparatus was not suitable 
The membranes possess, for their weight, a low respiratory intensity, and 
quantities of less than 50 mgm —^the maximum weight of tissue pemussible 
m the Warburg cup—gave oxygen-uptakes too small m comparison with the 
temperature changes to allow of trustworthy readings being taken The 
Warburg apparatus is, of course, uncompensated However, it has recently 
been shown by Dickens and Simer (1931 b) that the respiratory quotients and 
respiratoTy mtensitiea of a large variety of tissues (mcluding the ohiok embryo) 
are exactly the same whether determmed in phosphate or bicarbonate, and 
this provides a soxmd justification for the present experiments, carried out as 
they were m Barcroft manometers 

Incubation of the hen’s eggs was done according to the standard conditions 
laid down by Murray (1925, a) and Needham (1926), that is to say, temperature 
38*8 -jc: 9*5^ 0., humidity 67 *5 2 5 per cent, and oontmuous ventilation 

They were all derived from the pure-bred flock of White Leghorn hens owned 
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by Measts ChiveiB, of Histoa, Cambridgeshire, a fact of some uaportanoe, as 
the work of Murray (1925, 6) on the oxygen-consumption of the mtaot egg was 
earned out on eggs from this same breed Moreover, this same flock had pro¬ 
vided eggs during the previous 10 years for the extended work of Needham 
(1926,1927,1928) and Murray (1925, a and b) on the metabolism of the proteins, 
fats, and carbohydrates m the developing egg 

The removal of the yolk-sac and allantois presented no special difficulty 
except the separation of adhering liqmds—^yolk and allantois contents It 
was found that the allantois could be easily fmed from allantoic hquid by gentle 
squeezing and cautious treatment with filter-paper, but the yolk-sac required 
a different techmque, especially during the later stages when the vitelline blood¬ 
vessels are slung away from the yolk-sac wall on little mesentenes, the spaces 
betwe<m which are full of yolk The procedure which answered best was to 
drag the yolk-sac, mtcmal face down, over a large expanse of dry clean plate 
glass A certam amount of fragmentation durmg this was unavoidable, but 
m any (^ase, division of the yolk-sac had to take place quite soon m development, 
one yolk-sac being too large for the manometer The cleansing of the mem¬ 
branes by washing m salme would, of course, have been easy, but the danger 
of waslung away metabolites precluded this A few experiments were made 
with washed membranes (see Table I, experiments 3, 10 and 109, and Table 
II, expenment 75), and a few others with washed membranes to which yolk 
was added before the experiment (see Table I, experiments 94 and 110) 
(Tompanng these with their immediate neighbours, a decreased respiration 
can be observed m the case of the washed membranes m most cases Addition 
of yolk appeared to be effective m abolishmg this decrease, but with the 
allantois, one would be at a loss to know what material to add, except 
the embryonic blood The question mented further study, but m view of the 
labour mvolved m the mam part of the mvestigatiou, it was thought better to 
proceed by avoiding washmg 

The problem of was difficult, and mdeed logically insoluble, smee the 
membranes in the mtact egg are subjected to media of very varymg hydrogen 
ion concentration On the seventeenth day, for example, the allantois has 
the allantoic bquid, of Pn A one side of it, the amniotic bqmd, of pfj 6*0, 
on the other side of it, and blood, of p^ 7 2, passing through its vessels Or 
agam, the yolk-sac on the fifth day has yolk of pa 5 8 within it, white of 
8*8 outside it, and blood of about pa 6*8 m its vascular system (authontm 
may be found m Needham (1931)). In those ciroumstances it was impossible 
to sdect a diaraoteristic pa for each membrane, and two buffer solutions were 
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made up, at ^ 6*8 and 7 0, estimatiooB being m many oases duplicated. It 
IB evident from Tables I, II and III and figs 6 and 7 that no significant atatis- 
tioal difference was found between the respiratory rates at these two p^ The 
experiments m the Warburg manometer were of necessity done at pu 7*6— 
another disadvantage of the Warburg technique for this particular problem, 
Hmce the liquids of the egg tend on the whole to be on the acid side of neutrabty, 
with the groat exception of the egg-white, and even the e^-white has reached 
neutrahty by the thirteenth day of development 
The Barcroft manometer techmque followed closely the lines laid down by 
Dixon and Elliott (1930) in their standard discussion of this instrument, as 
regards carbon dioxide absorption, rate of sbakmg, etc The relation between 
the observed uptake of oxygen and the weight of tissue present gives a test of 
the vahdity of the method, and should, of course, be hnear, smee the velocity 
of uptake of oxygen should be proportional to the weight of respiring proto¬ 
plasm If the oxygen uptake shows any tendency to become mdependent of 
the weight of tissue, diffusion has become a limiting factor Fig 2, constructed 
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ficom the whole of the data here ooUeoted, showe that the linear relatioii 
holds well up to 1200 mgm of membrane, but it is probable that above 
that pomt the results are not reliable Anotiier valuable test was afforded 
hj the fact that experiments 112, 113, 114 and 116 (TaUe 11), whioh were 
done m atmospheres of 95 per cent oxygen instead of air, gave resnlta whioh 
fell well withm the usual range for membranes of the age taken Some typioal 
uptake curves are shown in fig 3 



In order to be able to apply Byerly’s data for the percentage 
of membranes m the total hve weight of the egg (see fig. 1) to the present data 
with confidence, a comparison was made between the two sete of figures for 
actual weights of yolk-sac and allantois In fig 4 are shown the weights of 
yolk-sacs here reported and the zone of weight established by Byeriy—the 
ootrespondenco is obviously fairly close, although there is shown throughont 

a tendency to be smaller or lighter than the Amencan senes. Thesameresnlt 
IS found when the two sets of figures for the allantois axe plotted, as m fig. 6, 
but here the difference is much more mwked, and amounts nideed to between 
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Fio 5 -^xowth of ftHuitoiB oompaneon of data hftre reported with those of Byerty. 
The eemilog scale penmte of all the figures bemg plotted together 



54 


J Needham 


40 per cent and 50 per cent This mtmt certainly be regarded as a difEerenoe 
of breed, either leadii^ directly m the case of the Cambridge flock of White 
LeghomH to a tlunner allantoic wall, or by way of some intermediate factor 
such as the frequency and Bize of Boyden’s cysts, diminishing its weight 
These differences will be taken mto consideration later in discussing the 
calculations of the true metabolic rate of the embryo 


Experimental ResnUs 


The results for the respiratoiy intensity of isolated yolk-sacs are summarised 
m Table I, where the day of development, oxygen-consumption m 

cubic miHimetreB per hour per gram is given Table II gives the same summary 
m the case of the allantois, and Table III adds a few experiments with amnion, 
whole blastoderm (including the embryonic area), and the later embryo itself 
The amnion, as appi-ars from experiments 50 and 105, has about the same 
leapiratory rate as the allantois, but m view of the very small ponderal port 
which it plays in the egg, it has here been neglected for the sake of simphcity 
As regards the embryo, the figures are rather scattered, but seem to indicate 
a fall from 700 c mm /gm /hr on the third day to 150 c mm /gm /hr on the 
seventh As will be shown later, however, these figures fall very much below 
the C4ilculated level of metabolic rate for the embryo, which would be about 
1200 c mm /gm /hr on the sixth day, and no great importance can be attached 
to them in view of the difficulty of diffusion of oxygon mto the mtenor of a 
lump of tissue such as a seventh day chick (>mbryo It is, however, possible 
that the figures for third and fourth day embryos are sulistantially correct , 
this possibihty will be referred to again 


Table I —Respiratory Intensity of Isolated Yolk-sacs 
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Table* I,—(continued 



Exfienment 
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04 

7 0 ! 

15 

1630 

272 

3260 

97 

7 0 1 

1 16 

1343 

313 

4040 

98 

7 0 

10 

1914 

257 

5730 

101 

7 0 

17 

1058 

208 

4220 

102 

7 0 

17 

822 

201 

3200 

103 < 

7 0 


710 1 

141 

2840 

106 j 

7 0 

18 

904 1 

232 

3620 

107 

7 0 

18 , 

769 1 

254 

3060 

108 

7 0 

4 ' 

479 1 

263 

239 

100 

7 0 

4 

584 

369 

292 

no 

7 0 

4 1 

637 

447 

268 

111 

7 0 

4 [ 

570 

333 

285 

no 

7 0 


874 

283 

748 

120 , 

7 0 

10 i 

374 

273 

748 

124 

5 8 


734 

238 

1468 

126 

7 0 

n 

723 > 

400 

1446 

127 

5 8 

12 

769 

261 

1638 

120 { 

1 

70 

\ 

** 1 

m i 

_ 1 

404 

1632 

N B.—ExMiimmta 8,10 and 109, membiwiM WMbod m mUiw , •xpnmwmti M and 110, 
nnabraaw vaaliad tad 1 e.o of yolk added before (he experiment 
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Table II —^Reapiratory Intensity of Isolated Allantoic Membraiies 


_ “ ~ 1 

-- 

-- ~ 


( 


Tfixpftnmtmt 

PU 

T)*v oi 

Weight 
used 
(mgm) 

Oxygen | 

oolisumption 

Weight 
ol wu(»le 

No 

df'volopnienf 

(cub mm /hr for . 
first 2 houn) 

allantois 

(mgm) 

18 

1 5 8' 

1 0 

561 

‘ 267 

‘ 1122 

20 

5 8 

I 9 

406 

191 

812 

32 

5 8 

6 

! 237 

160 

59 

30 

5 8 

5 

i . 30 

- 

1 4 

47 

5 8 

7 

1 270 

24J 

9t» 

51 

r> 8 

8 

1 1084 

176 

362 

64 

5 8 

9 

945 

, 117 

945 

65 

5 8 

9 

1082 

j 250 

111813 

58 

6 8 1 

18 

, 878 

285 

878 

59 

5 8 

18 

585 

j 324 

585 

61 

5 8 , 

19 1 

1 972 

106 

972 

66 

6 8 

10 

1 985 

1 158 

086 

67 

' 6 8 1 

10 

1077 

184 

1077 

70 

C 8 1 

16 

520 

' *95 

aSO 

71 

'i H 

III 

613 

, 253 1 

1 «l.i 

74 

5 8 

17 

1267 

286 

, 1267 

75 

5 8 1 

17 ! 

064 

lee I 

1 iisen 

76 

7 0 

1 

545 

405 

645 

79 

7 0 , 

11 1 

708 

367 

708 

80 

7 0 1 

12 ' 

835 

443 

836 

83 

7 0 

12 

833 

306 

83.1 

84 

1 5 8 

13 

823 

316 

82H 

87 

1 5 8 

13 

482 

239 

482 

88 

1 7 0! 

14 ; 

408 

503 

408 

91 

7 0 

14 ! 

693 

472 

593 

92 

7 0 1 

16 1 

7WJ 

871 

756 

05 

70 

15 

1005 

298 

1006 

06 

7 0 ' 

16 1 

710 

324 

710 

09 

7 0 ’ 

16 ' 

915 

1 383 

915 

100 

7 0 

^7 1 

848 I 

I 311 

848 

104 , 

1 7 0, 

18 1 

1 803 

396 

803 

112 ‘ 

7 6, 

8 

41 

196 

246 

114 1 

1 7 0 

8 1 

44 

308 

266 

115 

' 7 6 

8 

29 

103 

174 

121 

7 0 t 

10 1 

, 332 

1 382 

382 

122 

1 7 0] 

10 

1 713 

1 224 

713 

123 

1 5 8 

n 

516 

1 272 

516 

125 

7 0 ' 

11 

399 

500 

399 

128 

6 8 

12 

471 

382 

471 

130 

7 0 

J 

12 

736 

360 

1 

736 


N B.—Exp«niiienl« 114 and 116 weie dona with nnbnlfend Bingarlolntion at ^ 7 4. 
asperiinent 113 wat dona la p^phata Iraffar at pa 7 6 without Bin^r, axpetimeiit 76 waa 
dona on a membtana pravuraal; waabad in aallna 


There have been several previous attempts to measure the xespuatioa of 
ohiok embryos directly tn The first was that of Shearer (1924) who 
separated them between the fourth and tenth day of incubation mto two 
(presumably equal) portions, head and tail, and measured their ozygeiir 
uptake He eiqneased his results m terms of the amount of tueue oontaimng 
1*4 mgm. nitrogen, but by means of the subsequrat work of Murray (1926) 
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Table 111 

—Respiratory Intensity of Isolated Ammon, Whole Blastodenn and 



Embryo 



Expenment 

No 

! 

i 

'! Pii 

1 

' 1 
_ ! 

Day ol 

development« 

1 

1 

Weight 
used 
(mgm ) 

Oxygon 
oonMumption 
(oub mm./hr for 
first 2 uouis) 

Weight 
of whole 
(mgm) 



Ammon 



GO 

6 H I 

8 

, 138 

202 

! 

46 

106 

7 0 

18 j 

1 U1 

626 

141 



Whole Blastoderm 



36 

6 8 I 

2 76 

1 

530 ! 

1 

114 1 

132 

27 

6 8 1 

I 

1 

2 76 

810 ; 

222 1 

270 



Embryo 



1 

1 1 

6 8 

4 

207 

442 

1 

29 

^ 1 

6 8 

6 1 

810 

219 

202 

16 

6 H 

3 

61 1 

649 

6 

24 ’ 

5 8 1 

2 76 

80 1 

162 

20 

26 1 

6 8 ' 

2 76 

88 1 

214 

22 

28 1 

6 H 

4 I 

370 ! 

136 

46 

33 1 

6 8 

0 1 

1230 

113 

413 

S8 

5 8 

6 I 

700 1 

242 

80 

42 

6 8 , 

4 i 

466 , 

207 

46 

46 

6 8 1 

7 

1646 

168 

616 

_ 

- 

j 


- — 

_ _ 


and Needham (1927, b) this can be translatt'd mto terns of embryo weight 
When thu u done it la seen that something must have been aenously amiss 
with Shearer’s experiments, m that on the sixth day bis embryos only took 
up 0*7 per cent of the oxygen which they should have taken up, judgmgfrom 
the oxygen-mtake of the whole egg corrected for the membrane-respiratiou, 
on the seventh day only 0 3 per cent , on the nmth day and the tenth day 
only 0 2 per cent Indeed, m a later paper Shearer withdrew his previous 
oondoBions (19S0), “ fresh experiments have smoe convmoed me,” he wrote, 
"that 1 was dealing with very abnormal conditions of respiration m these 
experiments ” Thus the respiration ceased abruptiy after 30 nunntee and the 
diamtegration of the embryos was considerable But a full explanation is 
still lacking, for Shearer finaUy regarded hu results as bong artificiidly raued 
by oytolytio processes, whereas when they ate compared with the respiration 
of the mtaet egg, they are seen to be infinitesnnally small 



118 


J. Needham. 


Results much more m harmony with those here reported are to be foand m 
the papers of Kayscr, IjC Breton and Schaeffer (1925), Warburg, Poaener and 
Negelem (1924), Kumanomido (1928), and Dickens and Simer (1930, 1931) 
Tliese may be summarised as follows — 


Day of 
<levwlopment 


4 

3 5 

4 

4 



Q« 

Bmbryo 

Oxygsn 

Author and 

(oub mm / 

dry 

uonnumption 

oonditioiui 

hr /mgm 

weight 

(cub mm /hr /gm 


dry weight) 

(mgm ) 

wot weight) 

~ ^ 

KfhyBor, tio Breton and Schaef 

” 



{er(1925) Bm^er 


18 

740 

Warbui^, Poffaner and Nege 
Iein(l324) Bicarbonate Kin 
gcr 0 2 pbr cent gluunie, pn 

7 fl 

10 (1 

2 7 

338 

fCumanomido (1928) Hon 

Homm 

9 3 

' 48 

39H 

Mh ki 1 - 1 iiu ''iiiii r i'liO f • 
"m 8|iI all r, 0 J {HI 

mill ji-ows fMi 7 4 


11 5 

414 

1 7 9 

14 

419 

Ihokona and Simor (1931, b) 
Bicarbonate Ringer, 0 2 per 
cent glucoffo, pu 7 8 

1 u a 

1 4 1 

331 

11 tt 

8 1 

272 


These figures are of about the same order as those reported here m Table Ill 
The data for yolk-sac and allantois are plotted m hgs 6 and 7 The former 
mamtains a steady level of respuratory rate from the third day, when the readings 



o Pn 5 8 in air, 
s Ph 7 0 m air 


begm, until the thurteenth day, after which point it falls off and has suffered 
a diminution of about 40 per cent by thetuneiffhatolung If this be compand 
with the owe of hg 4, it will be observed that, during the whole pe nod of its 
active growth, the respuratory rate of the yolk-sac is steady, but its 
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18 reached on the sucteenth day and followed by a deolme^ corre- 
aponding with the decline in its rt^spiratory rate These lelations offer an 
interesting piotnie of the coxning-into-bemg and passing-away of the pnmaxy 
piece of scaffolding in the meroblastic egg A uimilar close relationship is 
noticeable between the respiratory rate of the allantois and its growth, for 
during the period of its rapid development (the fifth to the eleventh day, 



Fto 7 —Ho8pjrator\ late of altontuiH 

0 pH ^ ^ in air > 

• Pii 7 0 in air, 

• pii 7 6 in oxygen 


see figs 7 and 6) its respiratory rate is rising too, but after this time the weight 
of the allantois remains practically steady and its respiratory rate slowly 
falls off 

IhttruHitwn 

(a) The True Metabolw Rate of the Embryo -The justification for comparing 
the figures for membrane respiration here reported with those for the respiration 
of the mtact egg obtamed by Murray (1925, 6), instead of making a now senes 
of such observations, was that Munay’s work was largely done, not only with 
the same breed, but with eggs from the same flock of hens The use of other 
sets of data, such as those of Atwood and Weakley (1924), would certainly be 
more hazardous Cialculations of the embryonic metabohe rate are shown m 
Tables IV and V As a by-product of these calculations, the percentage 
participation of the membranes m the respiration of the whole egg was obtained 
—it IS plotted m fig, 8. By comparison with fig 1 an exact assessment of the 
relative importance of the extra-embryoiuc membranes can be had Tig 9 
gives the oxygen-consumption of the yolk-sac and allantois plotted against 
time, and here again the relation between respiratory rate and growth-rate 
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Tablo IV —Calculation of thf True Metabolic Rate of the Chick Embryo 
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Table V —Caloulation of the True Metabohc Kate of the Ohiclc Embryo—fcoutmued) 

1 

1 

1 

1 


Metaboho rate 

» 

1 



1 

1 

(Oxygen-oonanmption of embryo 


1 

Oxygen 


in cub mm /hr /gm ) 

i 

1 

Day of ^ 

doTolopinent 

1 

1 

Oxygen 

consumption of 
whole egg in 
oub xnnu/hr 
(Murray (1926, t)) | 

oonsumption of 
yolk-sao and 
allantois in 
per cent of the 
oxygen- 
consumption of 

Oxygen 

oonsumption of 
embryo alone 
(cub mm /hr ) 

1 

Coneoted for { 

membranes j 

1 "^1 

1 Not 

1 

1 

the whole egg 

1 

Weight 

Weight 

1 oorreoted. 



(per cent ) 


data of 

data of 



i _ ^ 

1 

_ _ _ _1 

1 

1 

Murray 
(1026, a) 

Byerly 

(unpub) 


1 

> 

1 1 
4 

- 

, 


- 


i “ 

1 

6 

880 

32 3 

696 

1 

1400 

1057 

1 2080 

7 

1266 

31 4 

800 

1100 ' 

002 

! 1790 

8 

1960 

30 6 

1857 

1130 1 

1 013 

1 1620 

9 

2910 

28 2 1 

1 2090 

1090 

1015 

1 1620 

10 

, 3820 

28 8 1 

1 2719 

1040 

858 

1 1460 

11 

6800 

23 6 

4060 ' 

1086 

1 040 

1416 

IS 

6970 

21 7 

6460 

1090 

1 893 

1880 

18 

9800 

16 7 

1 8262 

1140 

967 

1 1866 

14 

12600 

13 6 

10783 

1140 

1 906 

1 1320 

» 

14900 

10 8 

U293 

1135 

920 

1270 

16 

17200 

1 

9 4 

16600 

1000 

889 

1 1200 

17 

20000 

7 8 

, 18460 

1008 

, 840 

1 1090 

18 

20200 

6 4 

19100 

1 817 

1 700 

I 967 

18 

21900 

4 8 

20900 I 

1 TOO 

1 740 

> 886 

80 

1 



1 


1 
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can be found by oompunng fig 9 with figs 4 and 5 The total of 

the extra-embtyonxs membranes shows a striking peak on the foorteMith day 
of development. Finally, fig, 10 shows the apparent metabohc rate oi the 
embryo, and the same when ooncctod for the re^iration of the rnamhmno. 



FlO 10—^Mfitabolir rate 

SnURyo 

Curve uncorrectoH foi respiration of membianeH (Munay) 


Cui’ve corrected lor reepiration of membranes 
Curve corrected for respiration of membianes 
Observed values obtained manometrioally 
/• »» 


f I f I t 

Ydhaac 

Curve of manometnc observations 
Alhm^oka 


(Murray’s embryo weights > 
(Byerly’s embryo weights ) 
(Needham ) 

(Kaysei ) 

(Warbuig ) 

(Kumanomido ) 

(Dickens and Simer ) 

(Needham ) 

(Needham) 


Curve of manometnc observations 

Ew/bryOf Folb-sac, and AUaniotM together 
Curve calonkted from oxygen-consumption of intact egg (Muriay), growth of 
the membranes (Byerly), and respiration of the membranes (Needham) 


o 
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As was to be expected, smce the yooiiger embryos had been credited with a 
great deal of respiration that was not theirs, the earher parts of the curve are 
depressed, and the later parts very httle affected Some difference appears 
ac(*ordmg to whether the embryo weights of Murray or Byerly are used in 
the calculation, but this is not very considerable And a fall m the embryo’s 
metabohc rate is still seen, although reduced from 57 2 per cent to 83 4 per 
cent 

The ptH^uhar importance of an accurate evaluation of the chick’s respiratory 
mtonsity hes m the fact that wo cannot as yet make any generalisation about 
metabohc rate in embryomc life, although there are mdications which show 
what form this generalisation should take Firstly, for echmodorm develop¬ 
ment, all workers agree that the respiratory rate steadily rises from fertilisation 
onwards (Warburg (1910), Shearer (1922), Gray (1925), Bapkme (1927)) and 
that the rate of heat-productiou also rises (Meyerhof (1911)) Molluacan 
embryos, according to Buglia (1908), also show a rismg metabohc rate, and the 
same process has been abundantly demonstrated for amphibian embryos by 
Parnas and Krasinska (1921) and Qodlevski (1901) 

On the other hand, m mammals, it has been classical to speak of the fall of 
metabolic rate with age, especially m post-natal stages (Magnus-Levy and 
Falk (1899), Krarup (1902), and others) And the apparent metabohc rate of 
the chick embryo, with its considerable fall, as given by Bohr and Hasselbaloh 
(1900) and by Murray (1925, 5), fitted into this scheme It could therefore 
have been said that m the cases of those animals where the late stages of 
embryomc life bad been mvcstigated, the metabohc rate was observed to 
fall with age, while m those cases where the early stages of embryonic lifi> 
had been mvestigated, the metabolic rate was observed to nse. There was 
therefore strong presumptive evidence for the existence of a peak of 
metabohc rate somewhere m the obscure regions of embryomc life And 
the b(*hef m the existence of such a peak or maximam was consideTably 
strengthened by the reflection that if the descendmg metabohc rate curve of 
a mammal were merely extrapolated backwards m time, the embryo of a few 
grams weight would be radiatmg heat with the mtensity of a red-hot 
body 

The first work which sho¥red clearly the existence of the predicted peak was 
that of Gayda (1921), who studied the heat-production of toad embryos and 
larvtD for some 4 months after fertihsation The heat-produetjou m cabnes 
per gram per hour rose steadily without an mflection at hatching to reach a 
maximum at the twentieth day This suggested that the course of metabolic 
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rate m the human infant might be similarly interpreted Dubois (1916)» in 
his classical paper on the change of metabobe rate with age, noted a peak at 
5 years m man, and pomted out that if this peak were real, uifants bom some 
tune before term would be expected to show a basal metabolism lower than 
that of normal infants This was actually found to be the case by Murhn and 
Marsh (1922), Marsh (1923), Talbot and Sisson (1922), and Talbot, Sisson, 
Moriarty, and Dalyrymple (1922, 1923) Agam, Wood (1926) found a very 
sunilar peak of basal metaboham m the case of the pig, depending upon 
breed for its exact situation, whether just before or just after birth And 
Qmglinger and Kayser (1929) have observed a post-natal peak m the rabbit, 
with evidences of a pre-natal one m the guinea-pig 
These &otB lead to the c onolusion that a maximum of metabobe rate must 
exist at some pomt during the development of the cluck embryo, but that this 
point must occur before the sixth day As has already been stated, a fea 
figures for the respiratory rate of young embryos alone in vitro are available 
and these are acc^ordmgly introduced mto fig 10 There is evidently agreement 
between those of the present paper and those obtained m the (.ourse of other 
investigations by Kayser, Le Breton and Schaefier (1925), Warburg, Fosenor 
and Negeloin (1924), Kumanomido (1928), and Dickcim and Simer (1930 and 
1931), but it IB difficult to calculate from their descriptions, since often the 
wet weight of the embryos and their age are not given If we accept these 
estimations as reliable, we must assume that the peak of metabolic rate occurs 
actually on the fifth day, but a special investigation will be required to establish 
its exact position In particular we lack accurate measurements of the oxygen 
consumption of the mtait egg before the sixth day, no doubt because the 
technical difficulties are here so acute, where very small changes m gas dis- 
tnbution occur m association with a very large mass of inert inatenal 
In order to facilitate the comparison of metabobe rate m embryo and extra* 
embryomc structures, the data here collected for allantois and yolk-sac ore 
also inserted in fig 10 The difiercnces between the weights of membranes 
m this work and those in Byerly’s may here be recalled It is cunous that the 
membrane which shoived most difference is also the one which is ponderally 
the leas important, namely, the allantois, so that if m fig 1 the allantois figures 
were to be reduced by anything up to 40 per cent, the curve for the total 
membranes would not be very greatly affected To this modifioatum, however, 
we have to add a dunmution of some 15 per cent in the yolk-eae curve (see 
figs. 1 and 4) beanng particularly upon the penod between the seventh and 
thirteenth days The embryomc metabolic rate curve in fig 10 is therefore 


vox* ox—B. 


F 
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probably sbgbtly over-corrected throughout, but especially m the region 
between the seventh and thirteenth da3r8, *.«, m exactly the region where a 
trough appears in it It is probable, therefore, that this trough has no 
significance, and that the curve for true metaboho rate should descend from 
1200 to 800 c mm /gm /hr in a regular sigmoid rurvo, involving no rise even 
of a temporary nature 

In addition to the metabohe rate of the embryo and the metaboho rate of 
the membranes, it is possible to calcnlate that of the whole mass of hving 
material withm the egg, although this is not of such great interest, as it will 
simply reflect the rates of the constituents according to their ponderal domi¬ 
nance. The curve for the overall metabohe rate m fig 10 is first of all concave 
upwards and then concave downwards It does little more than demonstrate 
that the membranes, with their low rate of respiration, arc dominant at the 
beginning of development, while th(‘ embryo, with its high rate of respiration, 
IS dominant at the end 

(6) The Plastus Efficiency Coefficient —^The degree of efficiency with which the 
transference of yolk and albumen into flesh and blood is effected may most 
oonvemently be expressed by an efficiency coefficient The ratio of wastage 
to storage, when apphed to the material constituents of the egg, is easily 
calculated by dividing the dry weight of the embryo by the dry weight of 
absorbed sobd at any given moment It is usually called the Plastic Efficiency 
Coefficient, and was calculated for the chick embryo in 1927 by Needham 
(1928) A recaloulation m view of the data here reported was evidently 
desirable, smee the respiration of the membranes was previously wrongly 
attributed to the embryo The necessary data are given m Table VI and the 
result in fig 11 Evidently the efficiency of the embryo alone is greater 
throughout development than had previously been supposed, but the general 
shape of the curve remains unchanged, and shows the depression at 8*6 days 
of development which comcides with the point of maximum protem cata¬ 
bolism and maximum excretion of waste nitrogen. 

But the effiaienoy of the membranes alone can now also be calculated, smoe 
that respiration is known This is accomplished m Table 'Vm, and the 
results are plotted m fig 11 As the membranes stop growing about the four¬ 
teenth day, their storage after that pomt is ml, but their respiration contmues, 
and their efficiency of growth falls therefore to nothmg. This aj^ears wdl 
m fig. 11, but what is more remarkable is their extraordinarily hig^ effieienoy 
during period of then rapid growth, % e , before the twelfth day, bAiy no 
less than 90 per cent of the absorbed material, even up to 97 per cent., is 
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Table VI —^PUatic Effioiency Goeffieieat (Bmbiyo) 


Intoidiumal 

period. 

Inoiements of dry weight. 

PK.C, 

(embryo 

alone) 

Storage 
(data of 
Murray (1926»a) 
and 

Needham 
(1927,e) ) 
(mgm ) 

Oombufftion 
(data of 

Murray (1926,4) 
from oxygen 
intake of 
intact egg) 
(mgmV 

OombuBtion 
oonreoted for 
percentage 
partioi^tion 
of meimiranee 
(TaMe V, 
column 3) 
(mgm ) 

AbtonUon 
(ool S+ooL 4) 

1- 2 






2- 3 

- 


_ 



3*- 4 

3 

1 




4- 5 

7 

3 




5- 6 

12 

6 


- - 


6- 7 

10 

11 

7 6 1 

26 6 

0 73 

7-8 i 

31 

20 

13 8 

44 8 

0 69 

8- 9 

44 

1 32 

22 6 1 

06 0 

0 66 

9-10 

68 

1 46 

1 1 

32 2 1 

100 2 

0 68 

10-11 

102 

60 

34 3 > 

136 3 

0*76 

11-12 

161 1 

1 80 

61 0 

222 9 

0 73 

12-18 

241 1 

1 105 

85 4 

326 4 

0 74 

18-14 

400 

132 

113 

622 

0 78 

14-16 

576 

164 

144 

719 

0 80 

16-16 

686 

198 

178 

864 

0 79 

16-17 

780 

236 

216 

946 

0 77 

17-18 1 

1 797 

263 1 

1 236 1 

1033 

0 77 

18-19 

832 

260 , 

240 

1U7S 

0 77 

19-20 

— 

1 *“ , 

_ _l 


— 


ttansfotmed into hying cells This is demonstrated even mote stnlonj^y 
bj the efBoienoy curve for embryo and membranes together, oaloolated m 
Table VU and plotted m fig 11 It begins earlier than the curve lor membranes 
abne because Murray’s data for ozygcn-mtake of the whole egg begin 2 days 
earher than the data here reported for oi^gen-consumption of the isolated 
membranes Thu curve, the Plastic Blffioienoy Cioeffioient eadi day for the 
whole living matter m the egg, is at first extremely hi|^ owing to the great 
efflrienoy of the membranes, and the fact that at that time they ate pondetally 
much the most important part of the hving system But it falls as their 
efficiency fall*, and at the end of development occupies a position dose to that 
of the effimenoy of the embryo alone, for the embryo now has repiaoed the 
membranes as the largest part of the system The reasmi why it dips below 
the curve for the embryo alone is due simply to the ffiot that Bjmdy’s figures 
for weij^t of embryo (Table VII, column S) were used in the calculation instead 
of Murray’s (Ihible VII, column 2), and the former show much more markedly 
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the well-known oessstion of growth towarda the time of hatching than do the 
latter 

What explanation may be advanced for the remarkably high efficiency of 
the membraneB during the early stageB is not clear, and the subject merits 
further examination, of which the cytological study of the cells of the yolk- 
sac would form a valuable part The mamtenan(<‘ metabolism of the cells 

PEt 



Fiq 11 —Plastic Fffioienoy Coeffioients 
-old values for embryo, 

• new values for embryo, 

o membranes alone, 

• embryo and membranes together 


of the yolk-sac during the first week of development must be extremely smdl, 
and It IB therefore relatively far cheaper to build what is then built, than to 
construct the compheated systems of later development It is impoortant not 
to confuse here the efficiency calculated by comparing combustion and stomge 
with that wbch could be calculated if the basal metabolism which eaeffi cell 




Table vU.—^Haaitic Bfficaenoy (coefficient (Embryo plus Membranes) 

Inctemento of diy (ngni*) 


Mdabt^ Bate ofGhu^ Embryo 
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Table VllI —^Plastic Efficiency Coefficient (Membtanea ahme) 



Incmnonta of dry weight (mgm ) ^ 


Xhterdiumal 

period 

ritoram 

1 alJ raembmDOH 
(from Table 
' VU, col fi) 

) 

1 

Combustion 
duo to membranes 
(ealcnlated from 
Table V, 

1 ools« 2 and 3) 

Absorption 
(ool 2 + ool 8) 

PBC 

(memtoraneB 

alone) 

1- 2 

2- S 

1 

18 


1 

- 

— 

8- 4 

1 20 

— 



4- 5 

4ft 


— 

1 _ 

ft- 6 

86 


— 

i _ 

6- 7 

97 

1 3 6 

100 6 

1 0 92 

7- 8 

126 

6 2 

132 2 

0 95 

8- 9 

158 

10 

163 

0 04 

^10 

172 

I 1 

185 

0 93 

10-11 

124 

26 

160 

0 88 

11-12 

122 

‘ 18 

140 

0 87 

12-13 

100 

i 20 

120 

0 83 

18-14 

50 

I 19 

69 

0 72 

14-lft 

0 

1 20 

20 

0 00 

Ift-ltt 

0 

• 20 1 

20 

0 00 

10-17 

0 

21 I 

21 

0 00 

17-18 

0 

17 ' 

17 

0 00 

18-10 

0 

1 11 1 

11 

0 00 

19-20 

! 0 





most undertake aa soon as it is formed, were accurately known. A fuller 
discuBBion of these problems is given elsewh^ (1931, Section 7) 

(o) TheAfparmlEtteigetie^ffioieney —In just the same manner as ui estimate 
can be bad of the efficiency in material growth, so also growth m terms of 
energy has its efficiency By dmdmg the chemical energy stored by the 
chemical energy absorbed, the apparent energetic efficiency is obtained The 
operation of oorreoting the previous values for the activity of the wiAtnbi'anA^ 
18 somewhat hazardous, for as yet we know nothing of the Tnatmitl 
by the membranes and we cannot therefore say what its oalonfie value is at 
any moment It is farther impossible to calculate the Apparent Hiiynyt ift 
Effimenoy for the membranes alone, for we know nothing of then 
value However, a tentative correction of the data for the embryo u 
given m Table IX and fig 12> As was to be eiqieoted, the values are raised, 
espeoiaUy m the early stages It will be mterestmg to see whether m farther 
work the values for Apparent Energetic E ffi cie n c y before the sixth day turn 
out to be higher than those at that time 
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Table IX —Appareat Energetic ESbxnmcy (Embryo) 



1 Inocementfl of chemioal energy (gm oaJa.) 


InterdiunuU 

period 

Storage 
embi^ 
(Neednam 
(1028)) 

1 

1 

! CumbuKtion t i 
1 embiyo | 

< (Needham 
^ (1928)) 

CombuMtiOP 
uocreoted for 
oombuBtion 
due to 

1 membranoM 
(Table V, 

00] 3) 

1 

Absorption 
(ool 2 + 
ool 4). 

AEB 

(embryo) 


1- 2 

2- 3 

- 

< j 

1 



3- 4 

17 

22 1 

1 

— 

4^ 5 

3b 

45 ; 

1 “ 

' 

0- 6 

01 

77 

1 - ‘ 


6- 7 

101 

121 ' 

^ 82 6 

188 6 

7- 8 

100 

180 1 

1 124 S 

284 6 

8- 0 

232 

260 1 

1 184 

410 

»-10 

358 

‘107 1 

1 203 

621 

10-11 

538 

609 

1 370 

' 914 

11-12 

860 

084 

629 

i 1389 

12-13 

134f> 

902 

834 

2174 

13-14 

2340 1 

1100 

991 

3331 

14-15 

3510 

1450 

1276 

4785 

15-16 

4240 

1750 

1673 

6813 

10-17 

4000 

2030 

1 1856 

0466 

17-18 

5000 1 

2260 

2102 

7102 

18-19 

6200 1 

2400 , 

2280 

7480 

19-20 

6000 

2630 

— 

— 


70 2 
73 5 

73 0 

71 I 
70 5 
09 6 



jTia 12—Appannt Energetic Eflicienoy 
• old curve, 

o curve corrected for membrane*. 


S88 3888 
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Summary 

(1) The respiratory intensity of the extra-embryonic membranes m the 
developmg hen’s egg, and the course of its change with time, has been investi- 
gaU'd by manometiic technique 

(2) The yolk-sac maintomfi a steady level of respiratory rate at 320 c mm / 
gm /hr from the third to the fifteenth day of development, after which point 
it falls off, and has suffered a diminution of about 40 per e<*nt by the time of 
hatchmg 

(3) The respiratoi \ rate of the allantois begins at a level of less than 100 
i nmi /gm /lir on the sixth day, then rises steadily to rea< h a maximum of 
300 c mm /gm /hr on the thirteenth day, and subsequently falls to about 
250 V nun /gm /hr by the time of hatchmg 

(4) These points of inflection are synchronous with the changes occurring 
in the growth of the membranes The yolk-sac grows contmuously from the 
beginnmg of development until the sixteenth day, after which it shows decreases 
in weight until hat( lung Thus its respiratory rate is steady during the period 
of its growth, but falls off as soon as it ceases to grow Binularly, the allantoiH, 
between the fifth and eleventh days, grows more rapidly than any other con¬ 
stituent of the hvmg system, but after that pomt it remains at an approximately 
constant weight, having occupied the maximum space available for it within 
the egg And its respiratoiy rate moreases contmually as long as it is growing, 
but begins to decrease when its growth has stopped 

(6) The percentage participation of the extra-embryonic membranes m 
the respiration of the intact egg has been calculated and found to doGrease m 
a sigmoid curve from 32 per cent at the fourth day to 4 per cent at the mne- 
tmmth But the actual amounts of oxygen utilised by the membranes naturally 
follow their growth, and their summed respiration shows a maximum on the 
fourteenth day 

(6) By subtracting the oxygen-uptake of the membranes from the oxygen- 
uptake of the intact egg (identical breed and fiook), a more precise measure of 
the metabohe rate of embryo can be obtained than that derived from the 
classical practice of neglecting the respiration of the membranes The true 
metabohe rate of the chick embryo falls from 1200 c mm>/gm /hr on the sixth 
day to 800 c mm /gm /hr on the nineteenth 

(7) From a short discussion of the existing data on metabohe rate m emhry- 
omc life, it IS concluded that a maximum of metabohe rate must exist during 
the development of the embryo of the chick. The results reported in ibis 
paper riiow that this most occur some time before the sixth day 
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(8) The Plastic Effioiemcy CoefEioicnt of the developing hen's egg has been 
recalculated m the hgbt of thus rest'arch on the respiration of the membranes 
On the sixth day some 75 per cent of the material absorbed by the embryo 
IS transmuted into livmg cells, by the ninth day this figure has dropped to 
66 per cent, but by the end of development it has risen again to 78 per cent 
Tlie efficiency of the membranes is much higher than this, indeed, remarkably 
high, thus, on the seventh day no less than 95 per ((mi of the material 
absorbed by the yolk-sac is turned into live weight, but this level is not kept 
up, and the figure has dropped to 72 per cent by the fourteenth day, after 
which it rapidly becomes ml owing to the cessation of growth—^but not of 
respiration—on the part of the membranes The day by day efficiency of 
embryo and membranes together is the sum of these two sets of data , very 
high in the early stages, since the membranes are then ponderally the most 
important part of the hving system , lower in the late stages, oonospondiug 
with the prcilominatmg weight of the embr}^o 

(9) In the absence of information concerning the calorific value of the mem¬ 
branes themselves and of the material being combusted by them, the Apparent 
Energetic Efficiency could not be calculated so (ompletely But the already 
existmg curve for the embryo has been corr«>cted on the interim assumption 
that at any given moment the sohds combusted by the membranes have a 
content of chemical energy equivalent to those bemg i^ombusted by the 
embryo 

The author records with pleasure the generosity of Dr T C Byesrly, who 
placed his oxtcnsivo data for the growth and growth-rates of the extra-embryonic 
membranes m the hen’s egg unreservedly at the service of this research. He 
is also indebted to Dr M Dixon for his kmd co-operation m the use of the 
Warburg manometer, and to Dr D M Needham, who collaborated m certain 
of the experiments The expenses of this work have been partially defrayed 
by a grant from the Government Grant Committee of the Royal Society 
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A Pigment Present tn the Sweat and Urvne oj Certam Siheep Its 
Isolation, Properties and Rdationship to Btltrubm and the 
Metaboiiem, of Hesmoglobin generally. 

By Claudk RiMmoTON and A M Stewabt. 

(From the Wool Indnstnee Reaearth AaaociatiQn, Leeds ) 

(Communicated by Sir F Gowland Hoplons, PBS —^Received October 31,1931) 

There u present m varymg intensities m excretions surrounding the wool 
fibres of many sheep a golden brown colouration Disposition to odonration 
appears to be an hereditary mdividual characteristic, but the depth of colour 
IS mfluenced by conditions conducive to sweating, by diet and to some extent 
by age 

No reference to the cause of this colouration, the nature of the responsible 
pigment, nor to geneticsl work on predisposition to it can be found m the 
hteratuxe 

A previoos paper (Stewart and Rimmgton, 1931) dealt with the economic 
aspect of its occurrence Further work has resulted m the isolation of the 
responsible pigment from the wool yolk and examination of its properties. 
With the isolation of the same pigment from urme together with three others 
of a similar nature, confirmation of the opuuon expressed in the previous paper, 
that the pigment was excreted m the sweat, has been obtamed and its relation 
to the pigments of bile estabhshed The resemblanie between disposition 
to " golden colouration ” m sheep, and famihal acholuric jaundice m man is 
so marked as to warrant discussion 

Presence of the Pigment m the Water-eeivide FnuAton of the Yotk. 

Raw wool consists of true wool fibres, assomated with dirt, sand, etc, and 
about 40 per cent by weight of “yolk.” The yolk oampnses the ether- 
sohible wool grease (16 to 36 per cent, by weight) and the “snmt,” water* 
sdnble material, amounting to 6 to 20 per cent of the total wei|^t of tiie raw 
sample In general, it may be said that the grease originates from the 
sebaoeons glands and the suint from the sudoriferous ^ands of the ammAl, 
Wide vaaations are found to occur m the {ooportions in whiiih these two 
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oonstitueiLtB are present and naturally any conditions conducive to excessive 
sweating will increase the quantity of the latti^r 
It was found that the pigment of golden colouration is completely removed 
by normal soap-soda scouring When, however, separate detemunatums of 
grease and suint were earned out the entire pigment was retamed m the hot 
water extract Closer examination of the sumt fraction revealed a correlation 
existing between the depth of the colouration and the percentage of water- 
soluble solids, as shown in the foUowmg tabic — 


Australian Samples 




Percentage of 



raw WOOL 

tSample 

Appoaranci) 




1 

Greant^ 

Suint 

B 

Bright, white iloec^ 

22 0 

1 2 


22 3 

d a 

L> 

Bright wool, greenufa tmgo, heavy uondition 

Vi 2 : 

M 4 ! 

; 3 0 

1 ^ ® 

A 

Creamy oolouiod, ntyllsh wool, slight golden ooloura { 

1 

14 8 1 

1 

1 8 2 


! tion ' 

' 1 

15 5 ' 

' 5 7 

C 

Yellow broan, mtense golden oolouration 

25 4 

12 8 


27 » ! 

15 4 

s 

Short, heavy, unattractive South Afrioaii wool. 

25 6 

15 0 


orange-brown 

1 

24 2 

12 6 


Fotohefstroom Samples (South Africa), 



1 

r ” 

Percentage of 



raw wooL 

Sample 

Appearance 




1 

1 

; 1 

Grease | 

Suint 

H 

liBRii condition, mote golden colour, yellow-brown 

i 24 4 1 

i 

» 6 



1 21 4 

S 8 

1 

1 1 

Afore condition, leM colour, fairly bnght 

' ai 8 

3 5 



1 31 8 

2 9 

B 

Wool from inside of neok fold, yellow-brown < 

87 5 

8 1 


m 8 

80 

G 

Wool from crest of neok fold, same sheep, fairly bii^t 

SOS 

60 



26 0 

5*4 
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This correspondence between depth of colouration and amount of eumt led 
to the hypothesis that the pigment is a constituent of the secretion of the 
sudonferouB glandSi and is not to be associated with the wool grease 

A review of the possible causes of this colouration was now made with a view 
to confiimmg or disprovmg the hypothesis Possible causative agencies may 
be classified as follows — 

(1) Secretion of a pigment by either sebaoeous or sudoriferous glands 

(2) Secretion of a chromogen or precusor which is transformed into pigment 
by the activity of micro-orgamsms residing upon the wool 

(3) Elaboration of the pigment by specific parasitic micro-organisms which 
deposit it upon the fibre 

Expenments were undertaken to test the second and third possibihties 
Burgess (1925) has shown that the formation of pyocyanin by B pyocyaneom 
growmg on wool can be obtained upon samples originally colourless when these 
are incubated m contact with mfected wool under suitable conditions. Portions 
of raw, golden coloured Mermo wool from Austraha or South Afnca were 
twined with nonnal, white wool, the sample of the latter lieing m some oases 
greasy, m others scoured, and the lock thus formed was suspended m a stoppered 
Erlenmeyer flask so that the tip entered a layer of 
water at the bottom of the flask (ace diagram) * 

There was no development of i olour after incuba¬ 
ting at 26” and 37” C 

Extracts of golden coloured wool were made by 
shakmg with sterile salme solution Samples of wool 
wore incubated after soaking m the extracts, but 
with uniformly negative results 

On plating out the saline extracts upon agar, 
numerous colonies were obtained, some of which were 
picked off and developed in pure culture from which 
extracts were made and tested as above, but without 
result 

In order to determine whether the golden pigment could be denved from the 
action of micto-organiBxns mhabitmg the wool upon some substanoe present 
in the sweat of only those sheep which develop colour under natural conditions, 
samples of wool were taken from the inside and from the crest of the neck 

* We ue indebted to Mr Burgess for assistance in oairying out the baoteriolagioal 
eiqMfteents and abo fbr permueion to reproduce this diagram lUiistratiag his teohntqoe 
developed for use with wool samples. 
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fold of a South African Mermo fleece which exhibited golden ooknizatioa in a 
fairlj marked degree The wool from the crest of the fold was mnoh lighter 
m colour, corresponding to the lower content of sumt than that normally 
within the fold 

These samples, it was reasoned, should contam any precursor that might be 
essential for the development of the colour When mcubated with coloured 
wool or salme extracts under conditions similar to those described, no mdieatum 
of colour formation was observed 

It was concluded therefore that micro-organisms play no part m the causation 
of golden colouration, and smce relationship with the sebaceous glands has been 
excluded, there remams only the possibihty that the pigment is secreted with 
the sweat, a hypothesis to which none of the known facts is contradictory 

Igdaiton of the Pigment responsMefor OoJden CoimmUton 

It was hoped that isolation and examination of the pigment would yield 
further evidence as to its nature and ongm 
As raw material for the isolation, 12 lb of a fleece of a 2-year old Australian 
Menno ram was selected showmg fairly mtense golden-brown colouration 
Ttio previous history of th(> animal was known m detail In the isolation of 
the pigment, the desire to avoid any treatment likely to alter its nature resulted 
in the adoption of the followmg method 
Ethet-soluble material was removed by extraction m a large Soxhlet appara* 
tus, portions of about lb being used at a tune in the oontamer The ether 
solution of the grease was of a pale straw colour 
After degreasing, the wool was steeped m three changes of warm water, the 
washings bemg combmed and centrifuged at a high speed. Even so, much mud 
and foreign material was left m colloidal suspension 
Attempts to deposit the colloidal matter, and omcenttate the solution 
freesmg, having proved impracticable on a large scale, one-half volume of 
97 per cent alcohol was added to the unflltered extract, and the pa adjusted 
to 3*5 by addition of sulphuric acid, and enough sohd ammonium sulphate 
added to cause the separation of the hqmd mto two layers as m Gairod and 
Hopkins’ (1899) prooess for the isolation of urotnlm The upper alcohol layer 
contained neatly all the pigment, whilst the mud collected m a compact layer 
at the mteifaoe, An acidity corresponding to a pn of less tbiin 4 0 was 
required to mduoc the majonty of the pigment to pass into the upper layer. 
Ammomum ohlonde, instead of anunoninm sulphate, did not satisfaetonly 
effect the separation 
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The alcohol layer was removed and treated with au equal volume of ether. 
Agam separation into two phases occurred, the lower aqueous phase con¬ 
taining the pigment, now much concentrated, whilst in the ether (pale yellow 
m colour) were retained the &tty acids, caproic, oapryhc, etc , faesont as their 
salts m sheeps’ sumt (Buisme, 1886) Owing to their high emulsifying power, 
these substances, if not removed, wore found to mterfere seriously wifch the 
subsequent isolation of tlie pigment It would appear that the pigment which, 
when pure, is insoluble m water, is retained in the sumt as a result of the dis¬ 
persive power of the soaps of these fatty acids 

After a seeond ether extraction, the aqueous solution, now a deep mahogany 
red colour, was neutralised with ammoma and shghtly concentrated under 
reduced pressure to remove ether and alcohol It was then re-acidified to the 
necessary 3*5, and solid ammonium sulphate added in the proportion of 
28 g crystalline salt per 100 cc of ongmal liquid This is sufficient to 
precipitate the pigment as a dark and somewhat sticky mass, whilst leaving m 
solution a colourless substance which exhibits great viscosity when m watery 
solution 

Reprecipitation with ammomum sulphate m the same proportions was 
repeated three or four times, after which the pigment was dissolved m a small 
quantity of water and precipitated by addition of the minimum amount (about 
to 4 volumes) of 97 per cent alcohol On stirring up with water, some 
tendency to viscosity was noticed, but after repetition of the alcohol precipita¬ 
tion all trace of this was absent The pigment was finally stirred up with a small 
quantity of water and dialysed to remove diffusible salts until sulphate-free 

The resulting solution, which had a ps of 4 0, was obviously only a colloidal 
suspension, since m addition to lieing opaque, part of the dispersed matonal was 
deposited on contnfugmg Addition of ammoma resulted m a clear dark 
brown solution which, on re-acidification to pn 3 5. once more gave a colloidal 
suspension. 

Some of the material was precipitated at this stage by four volumes of 
alcohol, dehydrated and analysed, with the followmg results 

Analyws * 

C H N 0 

Per cent per cent per cent per cent (by differenoe) 

F^eparatuml . .. 49*37 6*17 9*89 34 57 Ash 1*86peromt 

„ 2 ,... 61*69 6*87 11*14 31*40 Ash 5 23 pet cent. 

* Mhno-aiialysis by Dr A SoboeUer, Beriin 
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Although the matenal was still somewhat impure, the high proportion of 
oxygen appeared to be worthy of note Sulphur was tested for but found to 
be absent The ash, which eontamed a trace of iron too small to be accurately 
determined (less than 0 03 per c^ent), consisted mamly of sihca. 

The following tests were earned out — 

SdidnlUy —^hisoluble in orgamc liquids, very shghtly soluble m 50 per 
cent aqueous alcohol Forms colloidal disprsions m water the pn of 
which 18 approximately 4 0 Dissolves readily to clenr brown solution 
m dilute alkali, or sodium carbonate 

Absorption '-The solution exhibits no characteristic absorption band, neither 
could any be observed at any stage m the isolation There is general 
absorption of the violet and blue end of the spectrum 

Reducing AgenUt —^No change was observed on addmg either scMlium sulphite 
or bydroBulphite to acid or alkahne solutions of the pigment 

(kniiSMig Agents —^Hydrogen peroxide (10 per cent) or nitnc acid changed 
the colour gradually to a clear, pale yellow Potassium permanganate 
is discoloured by an acid solution of the pigment and very slowly changes 
the colour of the latter to pale yellow Aspirating air through on alkahne 
solution was without effect 

iJiuref Test —Negative 

MiUon —^Negative 

Xanthoproteic —^Possibly a feeble reaction 

Dtazo Reactum {sidphamkc acid) —^Negative whether m acid or alkahne 
solution 

Zt«c Acetate Test —^Negative 

lodme —^Negative 

Mohsch —Faint, but positive This test was given persistently by the 
pigment throughout the stages of purification, but it was suspected 
that It may have been due to a carbohydrate impurity of colloidal 
choral ter 

FMmg\ SokUton —Negative Feebly positive after boihng with acids 

Pine Splinter Reaction —Positive, intense. 

The most charactenstic feature emerging from the above observations was 
the comparative stabihty and chemical inertness of this pigment It has 
been named " Lanaurm,” mdicative of its origin from golden coloured wool. 



81 


PigrnetU ^n Sw&xt <md Vnm of Sheep. 

Some of tlie crude material was boiled gently with 6 per cent snlj^iinc 
aetd for about 3 hours On centrifuging the reniltant mixture, practically 
the entire pigment was obtained as a dark amorphous deposit, whilst the super¬ 
natant hquid contained some reducing substanee, possibly sugar, and a little 
ammonia 

After repeated washing with water, the pigment was dissolved in dduto 
ammonia and reprecipitaterl by sulphuric aoid, washed again with water and 
finally dehydrated by alcohol and ether It differed from the crude material 
m givmg a negative Molisch reaction and m no longer fbrmiug colloidal sus¬ 
pensions when ground up with water Otherwise it appeared to be physically 
unchanged The mean analytical figures calculated for the ash-free substance 
agreed satisfactorily with an empirical formula Cg5Ha,N40io 

Analysis • 

C H N O 

per cent per cent per cent per emit (by difference) 

69 92 5 63 8 26 26a9 Ash 1 58 per < ent 

CsaHasN^Ojo requires 61'1 6 6 8 6 24 7 

In appearance the pigment is a dark, brownish-blaok, amorphous substance, 
decomposmg without melting It gives an mtense pme splmter reaction but 
a negative Lassaigne test for nitrogen m spite of containing 8 per cent of this 
element A similar failure of the Lassmgne test was observed by Lemberg 
(1929) working with a pyrrohe pigment from phycocyanme, and appears to 
be frequent in the case of pyrrole derivatives (Feist, 1902) Upon distillation 
of the pigment with zme dust, no formation of mdole was observed 

An attempt to form a methyl ester firom a small quantity of lanaonn was 
unsucoesafol smoe only unchanged matenal conld be recovered at the con¬ 
clusion of the experiment About 0 26 g of crude lanaurin was suspended m 
26 c c of dry methyl alcohol into which hydrochloric acid gas was passed for 
12 hours The pigment gradually dispersed m the aoid alcohol, but no colour 
change was observed After slight dilution with water, an equal volume of 
chloroform was added but failed to extract any colouring matter The uppmr 
solution was now shaken with ether, whereupon two phases appeared, the 
aqueous being the mote deeply coloured After separation and evaporatum, 
a little water was added and the minimal quantity of ammonia neoessaty to 
dissolve the pigment Acidification now precipitated the pigment m an easily 
eentrifugeable fonn. 

It was washed with alcohol, dehydrated and analysed 


roi. ox.»B 


o 
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The Bupematant liquid denved from the origuial aqueous phase yielded^ 
upon evaporation, some alcohol-soluble crystals These gave an mtensely 
positive Mobsch reaction and therefore most probably represented material 
originally present in the lolloidal impurity already referred to 

Anah/gts 

Pigment recovered after attempted esterification — 

C H N 0 

per cent per cent per cent per cent (b> difference) 

53 43 5 62 9 26 31 80 Ash 4 36 per cent 

Lanaurm is characterised by great resistance to reduction even with vigorous 
reagents, m this respect showing resemblance to bihrnbm 

To 0 2 g pigment was added 2 c c of hydriodic acid (SOI 96) and 4 o,o 
of glacud acetic acid and the mixture kept for 24 hours ni a vigorously boding 
water bath After cooling, excess iodine was removed by phosphonium iodide 
and the solution filtered A large quantity of msoluble material olosely 
resemblmg the pigment was left upon the paper The filtrate had a light yellow 
colour It was made alkalme with sodium hydroxide and shaken vnth ether, 
then acidified (to Congo red) and repeatedly extracted with fresh quantities 
of ether The extracts were evaporated, separately, to dryness The former, 
which would have contamed bases, left only a trace of residue From the 
latter, however, m which pyrrole acids were to be expected, a small amount 
of amorphous material separated This was dissolved m a small quantity 
of water and treated with picnc acid A few milhgrams of a micro-crystallme 
picrate were obtained which melted at 162-154^ Pure iso-hinmopyrrole- 
carboxyhc acid picrate melts at 160^ 

laolaiian of the P^gmmt Lanannnfrom Unne, together with otiier Ptgmmta of 

Salary Nature, 

Proceeding upon the assumption that the pigment is a product of meta¬ 
bolism, the unne was next examined By submitting samples of unne from 
sheep exhibiting golden colouration to a similar method of isolation the a*™* 
pigment was obtamed as was found in the wool yolk. 

In addition, other pigments were isolated which appear to be more olosely 
related to those of bile than is lanaurin. Together, they comprise a sedes 
which may well represent stages of progressive change m which the solubility 
m organic solvents and power to give positive diazo reactions and ookmted 
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oxidation products is gradually lost and properties more nearly approaching 
those of the melanins acquired. 

la appearance the samples of urine from the (Australian Merino) golden 
coloured sheep were rather dark m colour and browmsh No absorption bands 
were detected and no marked fluorescence with zme chloride, but the diazo 
reaction with diazotiaed sulphamlio acid in alkaline solution was strongly 
positive. There appeared to be also a feeble Gmelm reaction The capacity 
for the diazo reaction was found ultimately to reside m a reddish, chloroform- 
soluble pigment which also gave a somewhat atypical Gmclin reaction 
In particular, the bright green nng was reduced to a faint greenish 
nuance, whilst m the upper part of the colour series a strong, cherry red 
predommatod 

The isolation and separation of these pigments from the unne was aocom- 
phshed as follows — 

Approximately 1 htre of unne from a 2-year old wether, which exhibited 
golden colouration, was brought to 3 5 by addition of 2N sulphuno acid 
One-half volume of alcohol was then added and sufiicient solid ammonium 
sulphate to cause separation mto two layers Tlie upper layer, carrying almost 
all the colour, was treated with an equal volume of ether, and the lower aqueous 
phase separated This solution was neutralised with ammonia and con¬ 
centrated on the water bath to remove ether and alcohol It was dark mahogany 
brown m colour and exhibited a famt grt’ten fluorescence 

After filtermg off a small residue, sulphuric acid was added to 3 5 and 
then sufficient anunonram sulphate to precipitate the pigment It was 
centrifuged down, washed thoroughly with distilled water and then dissolved 
by the addition of the minim al quantity of dilute ammonia From the solution 
it was agam precipitated by acidifloation, washed and finally dehydrated with 
alcohol and ether Only a very slight tendency to go mto colloidal solution 
was noted and all washmgs, when coloured, were collected separately and 
worked up again by addition of a small quantity of acid which effectively 
flocculated the colloidal suspension The yield was 17 mg of pigment from 
a htre of urme 

In general properties, this pigment exactly resembled lonaurm isolated 
from golden coloured wool It exhibited no absorption bands, only a general 
dbading off m the blue-violet region of the speotrum It was insoluble m 
water, alcohol, or any organic solvent, but soluble m dilute alkah, giving reddish- 
brown BolutionB from which it could be completely precipitated by addition 
of acid to about 8'5-4*0 It gaveneitberGmelin nor diazo reaction, but the 
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pine Bplintcr tegt was positive. Analysis confiimed its probable identity with 
lanaunn 


C H N 0 

per cent per cent per cent p<»r cent (by difference) 

From urine— 

No 36 52 85 5 05 8 29 33 81 Ash 5 0 jicr cent 

„ 46 52 73 5 34 8*89 33 04 Ash 4 1 per cent 

The ether solution, obtained as a result of adding ether to the alcohol- 
ammonium sulpliate phase m the second stage of isolation of lanaunn from 
urine was i oloured a pale yellow-brown In order to recover the pigments it 
contained, it was evaporated to dr 3 aiess upon the water bath The black, tarry 
residue was treated with cliloroform which extracted a red-colourf>d pigment 
together with some (.olourlt^ss material characterised by a most disagreeable 
and penetratmg smell Petroleum ether was found to remove this sulistanoe 
without diHBolvmg the pigment, so that a separation was easily effected by 
thoroughly extractmg the dry residue remaining when the chloroform was 
distilled off The colouring matter was agam dissolved m chloroform, pre¬ 
cipitated by addition of petroleum ether and finally deposited by the slow 
evaporation of a chloroform solution 

Theyieldofthispigment wasonly 7 5 mg per htre of urine Itwasobtamed 
m imcro-GTystallme form, but could only be crystallised with difficulty 

The anal 3 rtical results were as follows — 

Analysts 

Chloroform soluble pigment 

C H 

per cent per cent 

Urine pigment 68*60 6 68 Ash 1 • 14 per o«it 

Bilirubin 67*81 6*21 

(The small cpiantity preventi*d nitrogen determination being carried out) 

This pigment was readily soluble m alcohol, ether, chloroform and acetone, 
giving nse to a red solution showing no characteristic absorption bands It 
was insoluble m petroleum ether and m water It was dissolved by dilute 
aqueous alkahs yielding a reddish brown solution from which it could be 
precipitated by acidifioatioiL 
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The diazo test was stmnKlv positive (red), the Ghmelin test positive but hardly 
t 3 ^ical Green was very faintly repiesented m tlie colour senes whilst the 
upper band of cherry wd was intense 
Lack of material prevented further examination, but it can hardly be 
doubted that this pi^ent stands in close relationship to Inhrubiu 
The residue of the original ethei complex remaining, after chloroform had 
been used to extract tlic above pigment, was taken up in absolute alcohol, 
which dissolved all (colouring matter The intensely dark solution was filtered 
to remove ammonium sulphate and evaporated to dryness This residue was 
suspended in water and a slight excess of dilute ammonia added Aftet 
filtration from insoluble material, tlio pigment was precipitated by acidification 
This treatment was repeated fw'voTal times the pigment finally being pre¬ 
cipitated by ethei from i*oncentratod alcohol solution, dehydrated and analysed 
The yield was 34 mg per litre of urine 

Attalyitis 

Alcohol soluble pigment 
C H N 0 

per cent per cent per cent per cent (by difference) 

59 41 5 28 4 60 30 31 Ash 1 67 per cent 

In general properties (apart* from the lower nitrogen content, similar to the 
4 1 pel cent of mtrogen found by Qarrod and Hopkins (1897) m urobilin) 
this pigment appealed to stand midway between that soluble in chloroform 
and lanaurm, which is soluble only in aqueous alkali 
Although readily soluble m alcohol, it was found to bo insoluble m ail other 
orgomc solvents tried Like the other two it could be dissolved m aqueous 
alkahfi and reprecipitated by addition of acid Both dia/o test and Gmehn 
reaction wen* negative and no characteristic absorption spectrum could bo 
observed 

It would appear that the three pigments isolated from these urines represent 
stages in the gradual modification of a p}Trohc complex denved ultimately 
irem luBmoglobm and sufiermg progressive change m the direction of a product 
moro nearly allied to the melanms than to the pigment of the bile 
In a recent review of our knowledge of the constitution of parphyrms and 
related pigments, Fischer (1930) pomts out that only so long as the four centred 
pyrrole tings are mtact is a characteristic spectrum with absolution bands 
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exhibited When the ring Bystem becomes opened out to a cham thu property 
18 lost, and when further alteration take place m the structure of this oham the 
capacity to give the Qmelm reaction simultaneously disappears 
That the same pigment should be found m the sweat and urme of sheep 
exhibiting golden colouration is not surprising when the close sinulanty is 
boiine in mind between the renal system and the sudonferous glands, and the 
products of their activity A comparison of the composition of unne and of 
sweat respectively, justifies one m regardmg the sudoriferous system m some 
respects as an auxiliary kidney The accompanying table has been constructed 
from average values, and to facilitate comparison all sweat figures have been 
multiphed by four since it would appear that sweat is considerably more dilute 
than 18 urme 

NHg - N, Unsa - K, | Ammo add - N Ghlondw, 

mg /lOO i ( mg /lOO o o 'mg /ICO o o g XaCl/litre 


Swmt X 4 42 84 16 12 

Unite I 40 120 i 12 10 

_ __J, _ 

Palmer aud Cotiledge (1914) have shovm conclusively that the yellow pigment 
normally occumng m milk whey is identical with nrochrome, the typical 
urinary pigment, and it is also of mterest to note that small quantities of a 
pigment were encountered by them, which differed from uroohxoine, m bemg 
precipitated by saturation with ammomum sulphate It is possible that this 
pigment was lanaurm or closely related to it. They also found that the whey 
of sheep’s milk oontamed up to four times as much pigment as is nonnally 
present in cow’s milk It is quite probable, therefore, that lauaunn could ako 
be isolated from the milk of sheep showing golden colouration. 

Differences m permeabihty of renal and other cell membranes m 
animal species have been observed Saiki (1930) found that dogs’ kidneyB ate 
more readily permeable to bihrubm than ate those of rabbits. 

The unne from a number of sheep regarded as normal was collected at the 
slaughter house On examuung it by the same method, it was found, Altiwwi gh 
the urme was quite darkly coloured practically the whole of the pigwwm* qq 
shokmg the aloohohc extract with ether, went mto the ether-alcohol layer. 
There appeared to be no pigment present that could be precipitated by 
ammomum sulphato from l^e aqueous, underneath layer 

The solventa were evaporated off and the tarry residue was with 

ohiotoforin which removed some of the pigmoit as a 
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In thiB normal urme, therefore, three of the four pigments found m the other 
unnes were present—^lanaunn appeared to be absent. 

From a sample of urmo* from a sheep known to be afieoted sbghtly with 
liver rot, lanaurm was isolated witliout difficulty. 

Possibk Stmtlanty beitveen Golden ColourcUwi in Sheep a/nd FamiH/ud Adk/ol/uinc 

Jaundwe m Man 

Ghromidrosis, or the secretion of coloured sweat, is clearly recognised m 
medical practice, although opinions differ as to the extent of the part played 
by bacteria m its causation Some cases undoubtedly are traceable to baotenal 
origm, true cbromidrosis, the secretion of a pigment by the sudonferous 
glands, has been descnbed by Gans (1906), Foot (1869, 1873), Mitchell (1899), 
White (1884), and others 

In Gans* case the pigment excreted was iiidican, in tlmt recorded by Mitchell 
it was a substance insoluble in ether, but soluble in acid aqueous solutions, 
bactenological examination failed to throw any light upon its occurrence 
It IS perhaps noteworthy tliat in nearly all oases of chromidrosis, some degree 
of chromic intestmal stasis was complained of by the patient This might 
well lead to the circulation m the blood of abnormal pigments 

Vass and MoSwmey (1930) state tliat from all the samples of human sweat 
exammed by them pigment was absent and that the sweat was ** almost 
colourless ** It is, however, questionable whether m such dilution as obtams 
m uorinal sweat the pn'sence of any pigment would be recognised, especially 
smee the material is generally clouded by cell debris In the case of sheep*H 
wool, a ]2*months’ fleece contains the accumulated solids of a quantity of 
upwards of 60 gallons of sweat The enormous concentration would render 
evident small quantities of pigment barely noticeable m freshly shed perspira¬ 
tion The total yield of pigment, makmg allowances for manipulation losses, 
was probably not more than 6 g from the 12 Ib of golden coloured wool used 
m the expenxnent detailed above It is not improbable, therefore, that human 
sweat may actually contain pigment substances not clearly evident under 
normal conditions 

PoaeMe Pdaiumshtp between OMen C6Umrat%on and Acholunc 

JaunAwe 

It IS natural to assume that lanaurm, the pigment of golden coloured wool, 
IS denved ultimately from hsemoglobin set free from broken down erythrocytes 

* We are indebted to l)r Montgomery (Bangor) for this sample 
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The Huggestion w Bupported bj the chemical composition of the pigment, and 
by its undoubted pyrrohc nature Lauauriu difFers from bilirubm and uxohilm 
in its insolubility in orgamc solvents. It would appear to bo a partially 
loudensed system, representmg a stage between the simple tetrapyrroUc 
nucleus and a fully condensed melanin 

The metabolism of hwmoglobm is but imperfectly understood Withm 
recent years it has become customary to assign chief importance m this matter 
to the cells of tlie retK^iilo-eudothelial system (Aschoff, 1922) such as the 
Kupfer cells of tlie liver and those of the spleen Their action is visualised as 
destruci^ive, being exerted upon (possibly effete) crythroeytos of the blood 
The pigment liberated within these celb is transformed into bile pigment, but 
little IB known concerning the details of this process (see Rich, 1925), or of the 
senes of changes by whu h bilirubin is later transformed into urobilin 

On the basis of a colour reaction with diazotised sulphanilic acid, Van deu 
fiergh (1918) was led to postulate two vaneties of bilirubm, and this distmotion 
served him as a basis for tbe differentiation of the various clmical types of 
jaundice More recent work by Griffiths and Kay (1930) would suggest, 
however, that two entirely different pigments are uivolved in the direct and 
indirect Van den Bergh tests, one of which is insoluble in chloroform, but 
soluble m alcohol or alkahne aqueous media It is concoivable that pigments 
of the latter iy|)e may eventually find their way into the secretions of sudori¬ 
ferous glands in cases where pigment metabolism is proceeding upon an 
unusually high level That this may be the case even m normal sheep is 
suggested by the high pigmentation of the milk of these animals as recorded by 
Palmer and Cooledge 

Acholunc familial jaundice seems to have been first descrilied by Wilson 
(1890), who correctly diagnosed its ongin m splemc hyperactivity, quite soon 
afterwards the disease was mdepondently recognised in France and m Germany. 
Hayem (1897, 1899) showed that whilst rich m urobikn the urme contains no 
bilirubm, although this pigment is present in abnormally large quantity m tbe 
blood Minkowski (1900), descnbmg a family m which there were eight oases 
in three generations, added the fact that, post-mortem, the kidney is found to 
be rich m iron 

The peculiar hereditary character of the disease has attracted much attention, 
and it has been traced m several familuss through successive geneiatiODB. 
Meulengracht (1922) gives on account of eigiht fiimilies including 33 subjects 
with ooholiinc jaundice In the fomihes with one parent affected there wtte 
19 children with the disease and 13 who were healthy, or, if a few doubtful 
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oases be mciuded, the uumbers become 26 and 24, which is in surprisingly good 
agreement with tlie 1 I ratio expected on the basis of Mendel’s theory, if 
the charact(‘r m question he regarded as a simple dominant 
Carnplx*!! (1921), wlio described a case of familial jaundice in 1921, was led 
to a contradictory comlusion, however, in two later papers on the disease 
(1925) he described investigations made upon the fragility of the red corpuscles 
m mdividuals of tlie same family Thc^st^ studies again demonstrate the simple 
Mendelian character of the affliction, and hrmg to light the significant fact that 
m some persons the external signs nmy not he clearly noticeahle although the 
dmmushed n^sistanco of the erythrocytes to hsE^molysis proclaims the pn^noe 
of the disease It is well known that the effet t of certain Mendelian dominant 
factors may, at times, remain latent, an appropriate set of external conditions 
liemg required to make them manifest (Hoge, Morgan, Garrod) 

Wlulst very little is accurately known concerning the mhentance of golden 
colouration in sheep, there are certain points which this abnormality exhibits 
m common with her(*ditary aeliolunc jaundice In the first place, the con¬ 
dition IS obviously tranamiHsable, but all di^griH's of intensity of colouration are 
met with,suggesting, possibly, that < onditions may influence greatly the external 
signs Working with the urine of cattle Warth and Ay^^ar (1930) found that 
its acidity was considerably affected by the type of food ingested Urme from 
cattle fed on wheat straw was acid, on over-npe hay add or neutral, and on 
green fodders and other cereal straws alkalim* If it may be assumed that 
sheep react m the same way to diet, it would be expected that food which would 
tend to make the urme acid would thereby tend to reduce the permeability 
to these alkali soluble pigments In practice it has been observed that sheep 
disposed to golden <.olouration grazing largely on wheat straw and dried gross 
do not dcvi'lop much colour The pigment in the wool yolk is much more 
]Hronounced when green feed is available The pigment is of the biliary type 
and, if our hypothesis be (orrect, may lie found to result from overactmty of 
the reticulo-endothebal system, including the spleen, with consequently en¬ 
hanced red cell destruction Whilst partaking in this connection of the 
character of a disease, there is no reason why sheep exhibiting golden coloura¬ 
tion should be regarded as mfenor to normally coloured animals The 
condition is rather one of balance between a hyperactmtj within physiological 
limits and a definitely pathological state (compare McNee, 1922-23). 

It would be of interest to follow up these mvestigations by breeding experi¬ 
ments m which not only the external colour but also the size of the spleens and 
hlBinol 3 rtic index of the animals from suwessive generations were detennmed 
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Kelativply pnhanfx*<l pigmentation of blood, urine and jnilk would also be 
expected in golden < oloiired aiumalH should the arguments oothncd above be 
tru( 

We wish to express oui Hjaiiks to Professor Haldane, l)r Keilm, l)r Lem- 
berg and Dr Burton, for the interest which they have taken in tins work and 
for many valuable suggestions AVe also wish to thank Professor McSwmey 
for granting ns the use of the Urge-scale biochemical operation plant and for 
the generous hospitality extended to us whilst working for some days m his 
Department AM 8, of the University of Western Australia, wishes to thank 
the Council of the Wool Industries lieseareh Association for faeihties granted 
him for working temporarily in tlieir laboratories 


Hum inary 

(1) The phenomenon of golden colouration of the wool of u^rtam sheep has 
been further investigated, and tht» liypotbesis, put forward previously, that 
the colouration is dui* to a pigment excreted in the sweat, has been confirmed 

(2) This pigment, t-ermed Uinamm, has been isolated from golden coloured 
wool and appears to be a pyrrolic complex It probably occupies an inter¬ 
mediate position between tli<‘ bile pigments and fully condensed melanin, 

(3) The same pigmc^nt has licen isolated from the urine of sheep exhibitmg 
golden (olouration 

(4) Accompanymg lanaurm, in such urines, othci pigments were found, 
more closel> similar in piopcTties to bihrubm These have been isolated and 
investigated 

(5) Attention is directed to the similarity between golden colouratiou lu 
sheep and familial acholuric jauiidici* in man. Both conditions are mhented, 
factor responsible behavmg as a simple Mendelian dominant, m the oaae 
of the human disease, and most probably also m the case of sheep, although 
ID this latter connection much less evidence is at present available. 

(6) As a result of the present investigation the general conclusion is drawn 
that the two phenomena are similar and that golden colouration m sheep is to 
be attnbuted to an hereditary tendency to hyperactivity of the cells of the 
reticulo-endothelml system, iMth a consequently enhanced destruction of 
haamoglobm The pigment lanaurin is considered to be derived ultimately 

from hremoglobm and to bo excreted from the circulation via the renal and 
sudorific systems 
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Th^ Fmichonal Adtvity of the Vdsomotor Nerves to the Lungs 

the Dog 

By 1 DK Buroh Dal\ and V von Eulkb* 

(Communicated by C Lovatt Evans, F R 8 —Received November !4, 1931 ) 
(Kmm the Ph^^Hiology Dejiartmont, Umvcraity of Hirmmghom ) 

Owing to the large amount of (conflicting data rc^garduig the a< 5 tmty of the 
pulmonary vasomotor nerves, modern reviewers of the literature generally 
conclude that vasomotor influences plaj no important part m the regulation 
of the pulmonary blood flow Previous work on the subject falls sharply mto 
two groups, experiments on the whole animal and thos(‘ on isolated perfused 
lungs It must be (.onfensed that a careful survey of the work on the whole 
animal purporting to deinonstrati* tlie functional activity of these nerves 
reveals with few exceptions the absence of a sufficient proof owing to the 
difficulties of obtaining well controlled experuncmtal conditions, and this no 
doubt accounts for the scepticism pT(‘valent at the present time Among the 
exixiptions are the classical experiments of Bradford and Dean (1889, a, 
1889, fr, 1894) on the dog, curarised and atropinised These mvestigators 
showed that stimulation of the peripheral ends of the cut thoracic nerves from 
132-D7 would Boraotimes cause a pulmonary arterial pressure rise without 
eitluu cardiac acceleration or a sjrstemic arterial pressure rise, and m g^eral 
tliinr n'sults were confirmed by Praii 90 is-Franck (1896, a, 1895, 6 ) and Plunuer 
(1904, a) Excitation of th(‘ vagus in these experiments produced no effect 
oil tlic pulmonary aiterial pressure, probabl) because, as suggested by Luck- 
hard t and Carlson (1921), atropine was injected to eliminate the effect of vagus 
stimulation on the heart Further, they presented evidence of reflex pul¬ 
monary vasoconstriction caused by excitation of the upper thoracic postenor 
roots, and Fran 9 ois-Frauck (1896) was able to demonstrate the same effect by 
stimulation of the central ends of the splanchnic or autouor crural nerves 
Bradford and Dean {he cU ) and Weber (1910) also observed that a reflex 
change in the pulmonary arterial pressures occurred after c^tral stimulation 
of the divided vagus nerve, and Schafer (1920) reported a reflex pulmonary 
arterial pressure fall after stimulation of the dqiresaor nerve The mvestiga- 
tions of Bradford and Dean and of Wood (1902, 1910, 1911) on the relations 
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of tbe pulmonary and aortic pressure during asphyxia won' adduced as evidenro 
m favour of the presence of a vasoconstriction nerve supply to the lungs, but 
tbe production of on adreualmiBinia m these experiments was not considered 

If a change in the pulmonary arterial preaaure or in pubuoiiary hlnod flow im to be taken 
as the onteinon of the preaoneo of funetional vaEiomoior nerves to the lungs when a portioD 
of the nervous system u siunulated, it is necessary in oxperiinenting on whole animals to 
eliminate oonoomitant variations in syatenuo artonal pressure and ampacity, and m cardiat 
rate and output which might influence the pulmonary nrt^^nal pressure or blood flou 
(Openchowski, 1882) Until 1889, as pointed out by Bradford and Dean, uivestigations 
which purported to dernonstrato the activity of vasomotor times were not alMa\R con 
trolled m this manner, although Hennqiies (1892) found that Ktiinulation of the vagus in 
non-atropmised animals (dog and rabbit) produced a fall in pulmonary arterial pressure 
and a rise in loft aimcular pressure, and in the cat (one oxpenment) a rise in pu]nionar> 
artenal and a fall in left auricular pressure In the absenee of a ehaiigc in heart rate he 
concluded the vagus carried pulmonary vaso constrictor ftbnw in the cat and vasodilator 
flbres m the dog and rabbit, hVanyois-Franck (1880) (on dog) also obtainfsl, on exoitaticin 
of the thoracic sympathetic nervr^st to the lungs a pulmonary arterial pressure rise 

In Bpite of thcBO earlier results doubt was still cost upon the functional 
activity of the pulmonary vasomotor nerves, partly berauso m the whole animal 
experiments, one uncontrolled factor was the force of the beat of the ventricles 
which might be augmented on stimulating the sympathetic nerve supply to 
the lungs, although the heart rate might remam constant (Brodio and Dixon, 
1904; Dixon and Hoyle, 1928), and partly because of the inability of some 
mvestigators to repeat these observations (Eriibon, 1907, Romm, 1924) 
It should be mentioned that Brodie and Dixon were able to confirm most of the 
experimental results obtained by Bradford and Dean, bat were unable to agree 
with them m concluding that the effects they observed could only be explamed 
on the supposition that the pulmonary vessels were supphed with constnotor 
fibres and were thereforo under nervous control 

If we turn to the experiments on isolated peifused lungs, however, we find 
they prove conclusively that the pulmonary vessels are supplied with nerves, 
stimulation of which produce vasodilator and vasoconstrictor effects Plumier 
(on dog) (1904, 6), Tribe (on cat) (1914), and Le Blanc and van Wijngaarden 
(on cat) (1924), observed vasoconstriction following stimulation of the 
sympathetic nerves, Oavazzani (on rabbit) (1891) the same effect after stimu¬ 
lation of the vagus Pulmonary vasodilatation after excitation of the vagus 
wu obtained by Lo Blanc and Wijngaarden (on cat) and after stimulation of 
the cervical sympathetic by Cavazzam (on rabbit) (1891) and by Tnbe (on 
oat) (1914) after excitation of the stellate ganglia. Negative results were 
reported by Brodie and Dixon (on cat) (1904) and by Lohr (on cat) (1924) 
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Baehr and Pick (1913) were unable to obtain any pulmonary vasoconstriction 
after addition of adrcimlme to the l^rode solution peifusmg guinea-pigs’ 
lungs and on this evidence concluded that there is no basis for postolatmg 
vasoconstrictor endmgs in the lungs 

Aooording to Krogh (1907) pulmonary vaaotonstnotor fibres aro present in the vago- 
sympathetic of Testudo gneca» and of Rana pipiens and turtle (Luckbardt and Carlson^ 
1921) Niaimaru (1022)* obtained pulmonary vasoconstnotion on stimulation of the 
penpheral end of the vagus trunk m the nook (toad, tortoise) and found these fibres to be 
sympathetic in origin, ansmg from the 3rd and 4th spinal nerves to pass to the eorrespondmg 
sympathotio ganglion, thonoe to the jugular gangbon and finally m the vagal trunk 

After reviewing the experimental evidence there can be no doubt that the 
functional activity of the pulmonary vasomotor nerves lias been defimtely 
established m spite of statements to the contrary* It is true that m the more 
rigidly controlled perfusion experiments the alterations m pulmonary blood 
flow and pressure m response to nerve stimulations have not been very large, 
but this 18 m part due to the difficulties encountered m keeping all perfused 
preparations m good condition The point at issue appears to be not whether 
the pulmonary vasomotor nerves are functionally active but whether they are 
able to exert a powerful enough control to produce significant changes m the 
pulmonary blood flow and arterial pressure, and perhaps in the redistribution 
of blood within the lungs. Experience gained with isolated lungs m which 
the pulmonary and bronchial vascular systems aie perfused simultaneously 
led Berry and Daly (1931) to beheve that the functional activity of the vaso¬ 
motor nerves would be greater m these preparations than m those perfused 
only through the puhnonary artery, especially as Berry, Brailsford and Daly 
(1931) showed that the larger intrapulmonary nerve trunks derived their blood 
supply to a large extent from the bronchial arteries They suggested that the 
small or absent vasomotor efieots obtamed by some workers might have been 
due to the cutting ofi of the blood supply to the nerves with consequent loss 
m their excitabihty and conductivity. We decided therefore to mAlra an 
attempt to obtam fresh mformation using this preparation 

n. Mxthods 

The lung-cesophaguB or isolated lung preparations, with pulmonary and 
Inonchial vascular beds perfused m the manner described by Berry and Daly 
(1931) ate set up with the cervical or thoracic vagosympathetic trunks ami 

* In Japanese Dr Ninmaru kindly supplied a repnnt and translation of the 
oonoltieions. 
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stellAte gauglia on both sides carefully exposed Shielded eleotiodes sur¬ 
rounded the nerve structures to be stimulated and the current from a Du Bois* 
Beymond induction coil (C F Palmer, Ltd ) is used for excitation 

Those Palmer ooiU approximate!} 300 turns of 20 8 W G , D H copper wire in the 
pnmary, wound on an iron rone f inch diameter The Hooondary cniJ consists of approxi 
raately 7500 turns of 38 8 W G enamel cop|)or wire and the normal frequency of the 
vibration ranges between 60 and 80 per second Tuo dry oeUs giving 2 3 volts on load 
produce a secondary current which is just bearable on the tongue with the coils 0 cm 
apart 

Similar nerve structures on each side of the preparation are stimulated 
simultaneously and switohmg arrangements are provided for the rapid change 
of stimulation of one pair of nerve structures to the other Thus both cervical 
vagos 3 rmpathetic nerves could be stimulated and then both steUatc ganglia 
with only a short mterval of time between the two operations 

We have determined the effects of exciting the symjiathctic and para¬ 
sympathetic paths at the following levels — 

(1) The cervical vagosympathetic (CVS) nerves 6-10 cm above the mfexioi 
cervical ganglion (ICO) 

( 2 ) The separated cervical vagi or sympathetK nerves at the same level. 

(3) The thoracic vagosympathetic (TVS) nerves immediately below the 
inferior cervical gangba The so-called thoracic vagus contains 
sympathetic fibres and should therefore be called thoracic vago¬ 
sympathetic (Mollgaard, 1912 , Bracucker, 1926) 

(4) The stellate ganglia (S G) 

(5) The thoracic vagosympathetic nerves at the root of the lungs 

The thoracic vagosympathetic trunks were generally prepared for 
stimulation after the cervical nerves had been tested In some expen- 
meats the S 3 nnpathetic cardiac fibres from the stellate ganglia and 
limbs of the Ansa VieusHenu were left intact, m others destroyed 

III, EKPERIMENTAL iNVSSTlQaTlONS 

1 The Effect of Neroe SHmtd(Utom m the Pfdm<ma^ 

Pressure 

In each es^nment the output of the two pumps supplying the pulmonary 
and faronohial vascular beds was not altered during the nerve stimolationB so 
that a nse m pressure denotes a vasoconstnotioni a fall, a vasodilatation 
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(i) Cenvusal VagosytHpcUhetic JV^rDes.— Stimulatmn of these nerves ui 12 
preparations, caused pulmonary vasocoustnotion m four, fig 16, shght pul¬ 
monary vasodilatation in two, fig 2a, bronchoconstnc tion m five, and bionoho- 
dilatation following broiu lioeonslrirtion in one Five prt'parations gave 
negative results The slight pulmoimry vasociilafation and broiiehoconstriction 


cm 
blood f21 


Aorticfl^^ 
BP Lc 



c 


d 


1*^10 1 —l>oK, UOkg Lung tuMupbagiu preparation Himultaneous pt^usion uf the aoi1.a 
and pnlmnnar> artery a Stimulation of both 8G, coil distance — 11 cm 6 S 
nuniitcs later, stimulation of both CVS, coil distance - t) cm , 8 minutes after 
b ” stimulation of tmth 8 0 or lioth CVS with coil distance 0 cm gave negative 
reHul1>M Betvip<»n ** h and **c ” 2 0 mg atropine sulphate was injected into the 
aorta and 3 0 mg into the I* A r Electrodes shifted to T V S Mow ICG Two 
siiooessive stimulations of T V S 12 minutes after atropine, coil distance 5 om 
Between “ c ” and “ d ” 2 6 mg of ergotammo Urtrate injected into P A and 1 6 mg 
into aorta d Two suc*cesaive stimutations of both 1' V 8 15 minutes after ergotnmine, 
coil distances — 14 and 5 cm The tidal air was not affeettd by the nerve stimulations 
H*P ^ 0 to - 15 cm H^O, S G ~ stellate ganglia CVS » cervical vago 
sympathetic nerves C V - cervical vagi T V 8 thoracic vagosympathetic 
nerves ICG — infenor cervical ganglia P A « pulmonary artery R P “ 
respiratory (intratlionune) pressure 
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IB nmoyed by atropine, fig. 2 The pulmonary Tasoocmstnotor xcBpoose 
which may oooui in the presence or absence of branohoconstnotion has not 
been tested against atropine or ergotamine 


i 



Fia 2. —Dog, 12 5 kg Lung-uMuphagio propaistioii Simultaaeoiu perfiuwin of the 
aorta and pnlmonary arteiy a At I, stimulation of both 8 O,ooildwtaiiae = 0 cm , 
at 2, stimulation of both CVS, ooU distanoc » 6 em , at 3, stunulatlon of both 
CVS., ooil distance 3 om , at 4, stimulation of both S Q., oml distanee 0 om 
Betwosn “a" and “i," atropme sulphate 6 0 mg mto PA and aorta injooted 
b At 1, Btimnlatiou of both S G, coil distance »- 0 cm . at 2, stimulation at both 
C V 8., ooil distance - 0 cm T A tidal air 

(u) Centoal Fcipt.—^In three preparations tested, pulmonary vasocon- 
Btnotion ocouixed m two, fig 3, a, very shght pulmonary vasodilatation 
in one, fig 4, bronohooonstnotion m one and bronchodilatation following 
broQohooonBtnotton in one In one preparation tested oervical sympathetio 
nerve stimulation had no efEeot on the pulmonary vessels or bronchial tubes 
The efiteot of stimulation after atropme has not been tned 

(iii) BtdhaU Ooe^lia.—Pulmanary vasoccmstriction occurred m three, fig 1 a, 
bronohooonstnotion followed by slight bronchodilatation m one and alight. 
bronohodilatation m one Ten preparations were tested and six were 
negative. 
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i^Q 3 —Dog, 11 5 kg Lung-oMophaguB prepuration Simultaneous perfusion of aorta 
and pulmonsjry artery Length of oesophagus in ciroulation 2 5 cm a Two 
sudoesaTo stimolatioiis of the C V which are separated Irom the CVS toiinkn, ooil 
distance 7 cm b Stimulation of T V.S trunk, 22 mmutes later, ooil distance ^ 7 
cm At the heightof the pulmonary arterial pressure nee, the perfusion pumps were 
•topped and the lungs removed, the trachea and oesophagus being left r Three 
minutes after “ b ’* two snooessive stimulations of the TVS trunks caused a rise m 
aortio pressure. The blood flow from the azygos vein fell irom 61 to 43 drops per 
nunute during tiie nerve stimulatioa and recovered subeequently to 63 drops per 
minute 



Ito. 4.--Dog. 12 0 kg Lung-OHophagw pnparatum SimultaiMow p— o< aorta 
and polmonaty artety. At 1, atmralation ot both GJ, ood dfataam — 10 om , 
at 2, atimolatioB of C.V., ooil diatanoe « 8 om 



B P too 

am 

Hr lao; 
50WCS i 



Fiq 6 '*-Dog, 7 5 kg Lung-tiuio|ihiigiuf proparaiion Simultaneoas perfusion of aorta 
and pulmonary artery a Stimulation T V S > ooil diatanoe »» 7 and 6 om h 
Ergotamine tartrate 3 0 mg injeoted into the pulmonary artery The P«A p, rose to 
46 om* of mood before finally fi^ng to 40 om c Stimi^tion of T V*S»ooil diatanoe 
» 8 om d Adrenaline 0 16 mg injected into the pulmonary arteiy 

(iv) Thoracic Vagm/mpathdvo Nerves —Out of 13 pieparatiouB examined, 
stimulation of these nerves caused pulmonary vasoconstnction m 7, an effect 
which was reversed by ergotamme, fig, Ic, Id , sbght pulmonary vasodilatation 
m 4, fig 6, which was enhanced by eserme and removed by atropiue, fig 7, and 



cm hiS 

bloodi 
121 

Aortiefl^ 

EP 

mm Hg luo i 
30 Mca 

Era. E^Dog, 12 0 kg. Lang-csaopluigas preparation Simultanoous perfuuon of the 
aorta and pdmanaiy artery Thm suooeMive stimulatioiia of both T V.8 iierfee« 
ooil diatanoe « B*6 mn.; aubsequmit to 0 3 mg. eaerino. 
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a negative leenlt in 2 Bronchoconstnotion occuned in 9, no bimiclual leaotion 
in 2 and no tiaoing of the tidal air was taken in 1 expeiunent 



Kin 7 —Dog, 12 3 kg Forfuaion of pulmonary and bronohial artenea a Stunnlation 
ofTVS nervM Betireen" a’'and “6,” the bronchial arterial praararewaa lowered 
and 2 0 mg eeonne added to blood roservoini b 10 nunutee after addition of eeenne, 
fltimnlation of T V S nervea Between “ b " and “ c ” 3 0 mg of atropme aulpbate 
added to reaervoir r Stimulation <d T V S nervea, 9 imnntea after addition of 
Htiopine Cod diatance in all ooaea 0 cm Amount of blood in reaetvoiTS approxi¬ 
mately 600 c 0 

The main lesults are summorued m the table on foUowmg page 


2 InterprekUion of Nerve Stmtdatton Besidis 

Before examinmg the efieota of the vanona nerve atimulationa m detail, 
we wiah to draw attention to certain conditions of experimentation p ennbar 
to the preparations we used, which to some extent detenmned the senaitivity 
of the nerves stimulated We found repeatedly that the nerve structure 
furthest from the lungs lost their excitability before those situated m the 
region of the lung roots The excitability of the G V S nerves generally dis¬ 
appeared in under 1 hour, whereas we have obtamed a vasomotor xeqionse on 
exmtmg the TVS nerves as long as 8 hours after the commencement of the 
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Table—^Effects upon the Pulmonary Vaacnlar System aad Bronchial Tubes 
of Stimulatmg various Nerve Structures 


Kxpemaent. 


Pulmonary 


Broiicfaial 'J ubc 
Eifectii 



! VC j 

VD ! 


1) 



The Cervical Vagosympathetic Nei 

2 

0 

■1 al 

4 1 

1 0 


3 

0 1 

0 I 

+ 

1 ^ 


6 

+ 1 

0 

4- 



7 


0 

0 

1 0 

V 

S 


0 

+ 

1 ^ 



0 


+ 

1 4“t 


10 

i 

+ 

0 

0 

1 « 

( 

1 



The Cervical Vagi 

9 

0 

1 

+ "1 1 

I 

1 + 

4-t 

1 

10 

■f 

0 

0 

0 


12 

H- 

0 1 

i + 

1 

0 

J 



The Stellate 

Ganglia 

2 I 

f- 

1 

0 1 

1 

0 

« n 

0 

+ ; 

^ \ 

+ 

i 

7 

+ 1 

0 i 

0 

1 0 1 f 

9 1 

0 

1 

0 1 

0 I 

4 

1J 


Ex^ierimental numbers ol thoae 
expenments in which no in- 
Uoencc on the nulmonaTy 
vcHHtU or bronchial tubM 
u as recnrded 


11, J5. 10,17 and 19 
Total» 5 


eNoUC 


Is, 11, 10, 17. 
r Total =» 


18 and 19 
0 


The Thoracic Vagosympathetu Nerves 


1 

0 

1 

+ 1 

+ 

0 


4 

+ 

« 1 

4- 

0 


0 

4- 

0 1 

4- 

0 


7 

-1 

0 

4 

0 


8 

+ 

0 

4 

0 


9 

0 

h 1 

+ 

0 

V 

10 

4- 

0 1 

^ 1 

0 


11 

4- 

0 1 

4 

« 1 


12 

4- 

0 

No record 


13 

0 

+ ‘ 

4- 

0 


14 

0 

4- 

I 

H 

0 

J 

1 ^ 


Total I 


V.C zn vaaooonstnoUon VD » vasodilatation C » oonslriotion D » dilatation 
t bronchooonatriotion suooeedcd by bronchodiUtation + » positive effect. 0 no effect 
d. shght effect Theoxpenmental numbcm m each group refer to cortespondmg expenments 
For fuller explanation see text 


petfnsioQt We attnbute this phenomenon at any rate m part to the absence 
of blood supply to the remote nerve structures smoe the teohmqne practised 
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necessitated tying off the systemic vessels supplying the cervical vago¬ 
sympathetic nerves and the stellate ganglia It ftdlovm that we were unable 
to investigate fully the effect of excitation of the remoter nerve structures 
We were able to turn this loss of nerve excitability to good account, from the 
point of view of controllmg the extent of current spread , thus stimulation of 
the C V S nerves immediately above the IC G, if the preparation was active, 
would OAUse a change in pulmonary arterial pressure, when the nerves had 
lost their excitability a further stimulation of the same mtensity or greater, 
would produce no result whereas shifting the electrodes to the TVS nerves 
just below the IC G , a rlistance of not more than 2 cm would agam cause a 
change in pulmonary art«*riul pressure, fig 8, this means that the strength 



Fig 8 —Dog, 13 6 kg Lung OBSophngus prepamtion Bunultaaeoiu perfusion of aorta 
palmonary artcsrj Earlv on in thf* exponnient excitation of C V S nerves 
just above the 1C G raised the P A p 4 cm blood , subsequontly, as shown at 1 
and 2, the same nerves were stimulated (coil distance 5 and 0 cm ) and gave no responsOi 
The olootTodfs were then shifted to the T V 8 nerves immediately below the IC G , 
which were stimulated at 3 , coil distance - 5 tm 


of current used even with t)i<* pnmaiy and secondary coiU close together was 
msuffioient to stimulate nerve fibres 2 cm distant Such a result is perhaps 
not surprising smte strong currents as a rule had to be employed to alter the 
pulmonary arterial pressure 

One of the more striking observations of the expenmonts, is the variable 
respouBe of the pulmonary artenal pressure to excitation of similar nerve 
structures m the different preparations, one preparation would always give 
nse to a vasoconstrictor response on T V S excitation and another mvanably 
to a vasodilatator response This may be due to differences m tl)e state of the 
peripheral tissues of the ammals used for the preparations, to shght altetations 
m the technique employed, or to variations in the number of sympathetic 
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and paxasympathetio fibtes m the nerve Htructuren stimulated * In neariy all 
the ^}ip6ninentB the blood from « second animal was used to fill the afvparatus 
and the effect of the foreign blood on the peripheral nervous mechanism of the 
preparation is an unknown factor We have in mmd the possibility that the 
relative sensitivities of the R}7npathetic and parasympathetic termmations 
may be detemuned by siicli factors as the foreign blood and life-history of the 
animal, and these may account in part for our results We do not consider 
the type of response to be determmed by the strength or duration of the 
faiadic stimulus because a vasoi onstriction or vasodilatation once obtained 
did not undergo qualitative alterations with a change m the stimulus except 
under the influence of drugs The ansssthetic u£k*d in nearly all experiments 
was ohloialose, 0 1 g per kilo body weight bemg injected intravenously after 
pteluninary mduction with chloroform and ether The possibibty that the 
type of response is dictated by the condition of nerve ganglia situated between 
the pomt of excitation and the periphery must also be considered, and lu this 
connection we draw attention to the work of Braeuiker (1926) and also of 
Braouckcr and Kttmmel (1927), who showed m the case of the bronchomotor 
fibres that two successive stimulations of the same nerve separated only by 
a short time interval, the current strength bemg unaltered, may give nse to 
diametnoally opposed effects on the bronchial cabbie They suggest that the 
effect IB not due to two different krnds of nerve fibres but to the changmg 
response of the ganglia m the bronchial wall It is possible tliat mtrapulmonary 
ganglia situated on the course of the vasomotor nerves might act lU the same 
way, although the existence of such ganghais at present doubtful (LarseU, 1921). 
But ganglia of the pulmonary plexuses or of the larger bronchi may give rise 
to postganghonic vasomotor fibres, for LarseU (1921) has shown that the 
smaUer artenal branches receive twigs from the nerve plexus around the 
smaller bronchi which accompany them If we make the assumption that 
we are stimiilatmg nerve trunks contammg sympathetic and parasympathetic 
fibres and that the response obtamed is only detemuned by the condition of 
the penpheral mechanism and by the relative number and excitability of 
fibres stimulated m each preparation, then the mterpretation of our results is 
rendered leas difficult We propose tentatively to make tbs assumption, with 
the proviso that the vanous substances injected for the purpose of testing the 

* The variable response to excitation of similar nerve structures in the preparations 
might be explamed on the basis that simultaneous vasooonsUnotion and vasodilatation 
takes plaoe in diffemit parts of the vascular bed, the pulmonary artenal pressure 
rei^OBse would then depend upon the preponderatmg resutanoe change 
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nature of the fibres excited and which are known to have a definite phaxmaoo- 
dynanuc action on the peripheral meciianism^ have not altered the response 
to nerve excitation by virtuo of their action on ^an^honic cells 

JJ PiUmonary Vasodilatatiou 

The weak pulmonary vasodilatation following thoracu vagosympathetic 
nerve stimulation is enhanced by esenne aiwl suppressed by atropine These 
reactions support the view that parasympathetic pulmonary vasodilator 
nerves are present in the thoracic vagosympathetic trunks (Anderson, 1905, 
l^vout and Saloz, 1909), and it is of more than passing interest to note that, 
uuhke the vasodilator efiects of chorda tympam stimulation and of sensory 
fibres stimulated antidronucally (Reid Hunt, 1918, 6), atropine suppresses the 
pulmonary vasodilatation Evidence has gradually been accumulating m 
favour of the view that the effects of parasympathetic nerve stimulation on 
the heart (Loewi, 1921, Loewi and Navratil, 1926), on the vascular system 
and on contractures of denervated muscles (Dale and Gaddum, 1930) are due 
to the liberation of a cholme ester. Dale and Gaddum (1930) in a critical 
investigation and review of the evidence deal with certain difficulties raised 
by Gasser (1930) agamst accepting this view, and give expression to the opimon 
that m all probabihty acetyl cholme is the ester concerned, as mdeed was 
suggested by Dale and Dudley (1929) who obtamed it from fresh animal 
tissues 

Dole Olid Gadduin base their opinion to a large extent on the action ol esenne which 
limits the choice among known substances produemg both vaso-dilatation and can- 
traotum of denervated muscle to the choline esters The discrepancy between the action 
of atropine on the vasodilator effects due to acetyl cholme and those due to nerve 
stimulation was met by the suggestion that atropme acts as a barrier which a choline ester 
artificially applied cannot pass, whereas if such an ester is liberated at the parasympathetic 
nerve endings, the latter will he paralysed completely by atropine only if the liberation 
takes place wholly without the bamer, no paralysis taking place if the liberation is within 
the hamer 

Since we find that nerve stimulation and acetyl cholme, fig 9, weakly dilate 
the pulmonary vessels, the effect m each case being slightly enhanced by 
esenne and suppressed by atropme, the probability that we ate dealing with a 
phenomenon due to liberated acetyl cholme appears to bo os great as in the 
case of the contracture response of denervated muscle. It is true that the 
omoimt of acetyl cholme necessary to produce a weak pulmonary vasodilatation 
is large, 1 0 mg m the non-esenmsed preparation bemg meffective m some 
expenments, but this is probably due to its destruction m the blood (Galehr 
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and Plattner, 1927). Oenerally, we have obaerved a uon-efieotive dose of 
acetyl cholme beoomcB cfEcctive after eserme but even m the eaeniuaed prepara¬ 
tion appioxunately 0 1 mg is the minimum dose which will produce a vaso¬ 
dilator efieot It should he mentioned that although vasodilatatioa duo to 
aoetyl cholme occurred m six expenments, we encountered in one preparation, 
m which the pulmonary artery alone was perfused, a vasoi onstnction which 
was enhanced b} eserino and suppressed by atropme This suggests the 
presence of vasocionstnetor fibres parasympathetic m natun*. but since the 



Fio, 0 —Dog, 8 0 kg Pelf nsion of the pulmonary artery Aoetyl ohohne hydrohromide, 
0 4 mg. into pulmonaiy arterial tubing had no effect Esenne, 0 8 mg., was then 
injected and the tradag shows the effect of a subsequent dose of 0 I mg aoetyl 
ohdine hydrobromide. 

preparation was inactive to nerve stimulation no further mformation was able 
to be obtained Hunt (1918, a) found that large doses of acetyl cholme added 
to Binger Bolution perfusing the lungs (cat, rabbit, gumea-pig) reduced the 
outflow, an effect not prevented by atropine 
The vasodilator effects following excitation of the cervical vagi and cervical 
vagosympathetic nerves are not very marked and do not last long enough in 
the preparations for such a complete pharmacological examination as that 
earned out on the thoracic vagosympathetic ner\^es, but that the oervioal 
vagosympathetio nerves carry paiasympathetio pulmonary vasodilator nerves 
IS indicated by the action of atropme which suppresses their activity, fig 2 
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4 Pulmonary Vasoconstrtetim 

In the case of the vasoconstriction response caused by excitation of the 
thoracic vagosympathetir nerves we have been able to perform a fairly com¬ 
plete examination Tlie suppression or reversal of the effect by ergotamme 
(Dale, 1906,1913) and its reproduction by the administration of adrenaline, 
which in turn is reduced or suppressed by ergotamme, places the fibres stimulated 
as being sjnnpathetie m origin (Langley, 1901, Elliott, 1904, Dale, 1913) 
With regard to the action of adrenaline we find that vasoconstnction in the 
(concentrations mjected is the usual effect The work on the effect of adrenalme 
on the pulmonary vessels has been reviewed by Schafer (1921) and Wiggers 
(1921) The crystalline product (B W and Co Tabloid) has been used in 
doses varying from 7 to 150 y in sixteen experiments, in all except one, whic h 
was negative, pulmonary vasoconstnction, indicated by a rise m pulmonary 
artenal pressures, occurred, and m those experiments m which it was tried, 
ergotamme suppressed or reversed the effect, fig 10, in this respect we confirm 
Tnbe {kn cU ) The injections were made consecutively mto the pulmonary 
and bronchial i/irculations 



Fio 10 —Dog, 7 0 kg Lung oosophagus preparation Simultaneous perfusion of aorta 
and pulmonary artery a Adrenaline 0 05 mg. injected at signal into the pulmonary 
artery Between “ a ” and “ 5 ** 3 0 mg ergotamme tartrate injected into the 
pnlmonarv arterj h Adrenaline 0 3 mg injected mto the pulmonary arte^ The 
tidal air underwent no change 


Oonoemmg the nature of the fibres runnmg in the cervical vagi or oervieal 
vagosympathetic, stimulation of which causes pulmonary vasooonstriotion, 
we have no information Their excitability did not last long enough for an 
extensive examination to be made , the same is true for the stellate ganglia 
excitation experiments 
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5 BromhofM^ Effects 

The prevailing effect of cervical vago8}rmpathet]C| vagal and thoracic vago¬ 
sympathetic excitation la bronchoconatnction, in a few experiments a weak 
dilator response has followed the initial constriction Esenne enhances and 
atropine renioves the constrictor response whether it be due to nerve stimula¬ 
tion or acetyl choline, hgs 7, 9 The literature relating to bronchoconstnetor 
fibres of parasympathetic origin has been recently reviewed by Macklm (1929) 
and it 18 sufficient to state that our results are m agreement with a large number 
of other workers 


IV. Bronchial Vasomotor Nerves 

As far as we are aware, the ac tmty of vasomotor nerves to the bronchial 
vascular system has not been demonstrated, although the nerves accompanying 
the bronchial artenes hav<* be(*n described (Reisseisen, 1822 , Kolliker, 1862 , 
Berkley, 1893, Larsell, 1922, Hovelacque, 1927, Berry, Brailsfoid and 
Daly, 1931) According to Hovelacque (2oc ) the sympathetic twigs m 
man arise usually from the s}mipathetic ganglia D3, D4, mid accompany the 
bronchial artenes , nerve endings do not appe^ir to have been demonstrated 
m these vessels m the dog An examination of the tracings already presented to 
show the changes m pulmonary artenal pressure caused by nerve stimulationi 
reveals, m a large number of expenments, oonoomitant vanations m the aortic 
pressure Nearly all the expenments are earned out on lung-cesophagus 
preparations m winch the aortic blood supplies the tracheal, the bronchial and 
the oesophageal vascular beds The nse m aortic pressure during stimulation 
of the C V,S, C V, S G, and TVS nerves (figs 1 to 4) is due therefore to 
vasooonstnotion m one or more of these three vascular temtones 

The nse in aortio or bronchial artenal presBuro in response to nerve stimulatiQn » small, 
and with the small blood flow through the syatomio circulation of the preparation, gives 
little evidenoe of the degree of vasoconstnction With the Dale and Schuster pump 
pnttuig out 30 c o per minute at 140 ram Hg agamst an artificial resistance maintamed by 
a screw dip on a rubber tube fitted in |dace of the systonuo resistance, complete oodusioo 
of this tube raised the pressure to 182 mm Hg and naturally reduced the outflow to zero, 
the pump output at each beat merely served to distend the rubber connections between 
the pump and screw dtp Thus, with blood flows of this order through the bnmchial 
droulaticm, complete vasooonstnotion would only raise the bronchial arterial pressure 
48 mm Hg so that proenue rises of 10 mm Hg or more which we have recorded denote a 
uonaiderable vasooonstriottoD 

Attempts to demonstrate the participation of the bronchial vascular bed 
by excitation of the nerves before and after removal of the lungs were not 
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entirely successful In two expeiunents m which stimulation of the TVS 
nerves caused a rise in aortic pressure, clampmg the lung roots removed the 
response, thus indicating that the tracheal and oesophageal vessels took no part 
m the pressure nso A third experiment conducted on the same Imes did not 
annul the pressure nse so that either the tracheal or (Bsophageal vessels or both 
wore responsible, hg 3 In order to reach a dehnite conclusion on the pomt 
an isolated lung preparation with the bronchial arteries perfused directly was 
sot up m the manner described by Berry and Daly {loo cti ), two such experi¬ 
ments were performed Stimulation of the T V.S nerves raised the bronchial 
arterial pressure and this efEect was not suppressed by atropme, fig 7 , more¬ 
over, the nse m bronchial artenal pressure due to adrenalme injection was 
reduced by ergotamme, fig 11 Since we have been able to show that the 


a (, 



Fia 11—Dog, 0 2 kg Isdatod lung preparation Simultaneous perfusion of right 
posterior hronohial artery and pulmonary artery, a. Adrenaline 0*03 mg injected 
mto the hionohiai artery (first signal) Adrenaline 0 007 rog injected into the pul- 
monaiy artery (second signal) Between “a” and “V 8 0 mg of ergotamine 
tartrate was injected into ^e bronchial artery b Adrenaline 0 03 mg injected into 
the pulmonary artery 1 minute before commencement of tracing with no effect At 
first signal 0 03 mg adrenalme injertcd into the brcnchial artery At second s^nal 
stunulation of the T V S„ coil distance cm 15 muiutes after ergotamine injection 

% 

aortic pressure nse m lung-cesophagus preparations due to T V S excitation is 
removed by ergotamine, fig 1, there seems little reason to doubt that the 
bronchial arteries are supplied with sympathetic vasoconstrictor fibres. The 
vasoconstrictor effect obtamed by stimulation of the C V 8, C V and S.Q 
nerves have not been repeated on the perfused bronchial artery pieparationB, 
and until this is done it will not be possible to state whether the brcmohial 
vascular bed takes part in the c^stnction 
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y Disoubsion 

The mam oatcome of the investigation is the acquisition of evidence pomtmg 
to a powerful vasomotor control of the pulmonary vascular bed The mean 
effective pulmonary arterial pressure may increase 40 per cent, iig 1, followmg 
excitation of the thoracic vagosympathetic nerves, which on a percentage basis 
(^mparoB favourably with the nse m systemic arterial pressure obtained on 
stunulatmg the distal end of the splanchmc nerves Our experience of the 
perfusion preparation we used suggests that it is not unlikely that a much 
larger vasooonstnction response might be obtained with improved technique 
in the direction of mamtammg a better blood supply to the nerves concerned, 
mdeed, nnless bronchial arterial perfusion is earned out simultaneously with 
the pulmonary perfusion, the nerves of the preparations are either mexoitable 
or only sensitive for a very short time We find that the vasodilator response 
is less than the vasoconstrictor, and also the enhancement by esenne of the 
vasodilator effect produced by nerve stimulation or by acetyl chohne, although 
defimte m the dnt'ction of prolonging the response rather than accentuating it, 
IS not very marked It may be that the vasodilator nerves m the whole 
ammal are less effective than the vasoconstnetor, but m the absence of further 
evidence we hesitate to attach aigmficance to a quantitative distmction of this 
nature, amce alight differences in the method employed might reveal a reverse 
quantitative relationship in paA dependmg upon the imtial oabbxe of the blood 
vessels. In this oonnection, the capillaries and perhaps the smaller artenoles 
and venules are more dilated under negative pressure than they are under 
positive pressure ventilation, and with the former type of lung ventilation a 
greater effect would be expected from excitmg vasoconstnetor fibres than with 
the latter type 

. It has been suggested that the pulmonary vasomotor effects as evidenced by 
changes m the blood flow following nerve excitations are due to concomitant 
hronchomotor changes (Hess, 1930) and it might at first sight be argued that 
the pulmonary blood pressure variations we have described arc due to the same 
cause An examination of the Table shows that the pulmonary pressure 
changes are mdependent of those takmg place m the bronchial tube cabbie, 
thus the pulmonary ortenal piessun^ may nse, fall or undergo no change during 
a brouohoconstnction due to nerve excitation Such events would be hard to 
explam on the supposition that the bronchomotor events produced the blood 
pressure alteiations by mechamcal influences alone 
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VI Summary 

(1) Excitation of the vaaomotor nerves to the lungs may exert a profound 
effect on the pulmonary arterial pressure 

(2) The vasomotor nerves to the lungs quickly lose their excitabihty m 
isolated preparations perfused through the pulmonary artery 

(3) In isolated preparations, with simultaneous perfusion of the lironohial 
and pulmonary vascular the excitability of the nerve structures receivmg 
blood from the bronchial arteries may last as long as 3 hours after comnienoe- 
mont of the perfusion 

(4) Excitation of the thoracic vagosjmipathetic nerves may produce strong 
pulmonary vasoconstriction or weak pulmonary vasodilatation The phartnaoo* 
logical evidence pomts to the presence in thesc> nerves of sympathetic vaso¬ 
constrictor and parasympathetic vasodilator fibres 

(5) Excitation of the cervical vagi or cervical vagosympathetic nerves gives 
nae m some preparations to pulmonary vasoconatnotion, m others to weak 
pulmonary vadodilatation The vasodilator effect following cervical vago¬ 
sympathetic excitation is probably due to stimulation of parasympathetic 
fibres The vasoconstnotor response has not been investigated 

(6) The thoracic vagosympathetic nerves contam sympathetic vaaocon* 
stnetor fibres to the bronchial artenes. 

The expenses of the research have been defrayed m part by a grant to one of 
us (1 de B D) from the Government Grant Gomnuttee of the Royal Society^ 
to whom we express our thanks. 
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6ii 013 68 597 SsClupea 

The Origin of Erythrocytes w, Hemng (Clupea harengUB). 

By C C JoBM, M A , Huxley Keseaich Laboiatoiy, Royal CoUege of Smenoe 

(Communicated bv E W MacBnde, F R S —RecMved November 24,19S1.) 

[Pistes 1.2] 

The ongm of erythrocytes in hshes presents an almost unique problem on 
account of the different methods of their formation and the varying stages of 
development at which they are found m the circulatiim The g^otal opmion 
would seem to indicate that all blood ceUs anae from mesenbhymal type of 
cells at a very early penod in the embrycnuc development For a precise com¬ 
prehension of the development of the blood and vascular system it is onl> 
necessary to consider the opmions of some of the recent workers on the subject 
According to Swaen and Brachet (1901) the mesoblast in the posterior half of 
the embryo consists of an inner primary somite portion and an outer pnmaiy 
lateral plate part> In the mid-body region a portion of the primary lateral 
plate part adjai ent to the somites divides off and forms a mass of mtermediate 
cells The pnmaiy lateral plate grows towards the median hne pushmg its 
way beneath the somites to form a keel-shaped mass which outs off the somites 
from the pentomal cavity This keel-shaped mass of cells unites with 
cells from the opposite side, resulting in a large median group of mtermediate 
cells This same process takes place m the postenor region so that the mter¬ 
mediate cell mass becomes a contmuous layer From this definite region of 
the mesoblast called the intermediate cell mass originates the heart, vasonlar 
system, and the blood m the embryo. 

Though the mesodermal origin of the vascular system and the blood o e|l« 
IS generally accepted, the exact process of the formation and develojonent of 
the different lands of blood cells is a lu^bly diluted problem Some of the 
earher workers have maintained that all the different kinds of Mood odls 
originate from the same types of mesenchymal oella According to this view, 
the mesenchymal cells change mto stem mother cells which, on the one hand, 
give nse to leucocytes and on the other, to typical erythrocytes. This pomt 
could not be verified by any study of normal material, as circulation of tiie 
embryomc flmd is estabhshed very early before the appearance of blood cot* 
pnsoles, HO that when the latter are formed, they are swept into the nnwnlAfing 
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caneut and oaznnd to all parts of tbe body. Tbk naoeasazSy malcas tbs afeady 
of the ongin of blood oella a ratbet diffionlt jodUem. 

Stookard (1916) earned out an elaborate expenmental study on the embiyos 
of Fundulus and obserred that the leuoocjtes and oythnoytes have different 
ongins He treated Fundulus eggs with weak adliitimis of alcohol (1 *6-3*5 o.o 
alcohol m 50 c c. of sea water) and the embryos which developed in these 
solutions never established a blood ciroulstion, thon^ in other respects they 
remamed normal. The blood cells developed, but they were stationaiy in 
their respective places of formatioc and thus afforded amjAe sci^ im studying 
their origin It has been shown that the chief plaoe of erjrthroblast-formatiim 
IS the mtermediate cells mass which extends from the level of the anterior 
portion of the kidney into the tail of the embryo and the }rolk-sao blood islaadB, 
which are formed by the migration of wandermg cells at a very early penod. 
The chief source of the ongm of erythroblast is therefore seen to be the mter- 
mediate cell mass which was previously described by Swaen and Cachet 
(1901) and Felix (1897), but contrary to their conclusion it has been shown that 
the mesoblast cells of the intermediate oell mass, mstead of bemg mdifferent 
stem mother cells which gave nse to both erythroblasts and lenoooytes, 
definitely form only the erythroblasts 
The mesenchymal cells of the intermediate oell mass are at first undifferen¬ 
tiated and he between the notochord and the mtestme without any midothelial 
envelope. As development proceeds the central mass of cells go to l(mn the 
red blood orapusdeB, while the colls about the periphery of this mass, which 
are different m nature, form the vascular endothebmn. 

In the adult, blood formation takes place m the bssmocytopoietio tissue 
ropresmited by the spleen and bone marrow In Ampbioxus a spleen is ladbng 
snd erythrocytes do not occur In the next bij^er type, the Cydostomes, a 
bamocytopoietio tissue occurs on the wall of the mtestme which may be 
designated as a Qtleen (Jouxdan and Speidd, 1930). tip to tiie tevd ci the 
Tdeosts, tite spleen maintains a multiple functional capacity being bnnotyto- 
pdetwalty active, but in the higher vertebratee the ap p ea r ance of long hdbw 
is cogmlated with the loss of hasmoeytopmetio ac ti vi ty of the tyleeo, 
the mnhi^ fonotioDS of which, are taken up by lynqih nodes and bone manow 
la the hii^Mr fonai tiie spleen exercises a hasmocTtopoietio function only in 
the late emlnyeDic and foetal stages, while m the adult it lerves only as a place 
for tits of lymphotytes and as a Uood reaetvoir. 

the fefihmiQgaoeoant deals with the ongm of esythiocytea in EEeDdDg. It 
has been bfaeatved for a long time that the larval Heiriiig are trantyaxent and 
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recall the condition of the Leptocephalua, but the cause of this transparency 
remained uninvcstigated until now Professor E W Macfinde, F R S, seems 
to be the only person who suspec t*ed that the transparent condition is correlated 
with the lack of red blood and this work was undertaken at lus kind suggestion 

The Herring occupies a unique position amongst the Teleosteau fishes in 
possessmg certain primitive characters during its development In the first 
place it stands out conspicuously by the fact that the upper jaw develops very 
late (Wells, 1922) and setondly by the fact that the larval stages are devoid 
of red blood, which appears only some months after hatching These distinct 
stages m development are marked by certain differences in structun* and 
habits, so that m order to understand the relation between habits and structure, 
and the stage at which red blood appears, it is necessary to give a short 
of the hfe-histoiy of Herring 

The egg of Hemng has a diameter of 0 92-1 mm and is surrounded by a 
multilanunar membrane When the <*ggs an* extruded, the egg-membrane 
IB covered over by a layer of viscid matenal which causes them to adhere 
together and to any foreign object They are deposited upon the se.a-l>ottom 
and stick firmly to the surface of any foreign object upon which they happen 
to rest 

After fertihsation the egg shrmks away from its membrane, which now forms 
a capsule filled with fluid Tbe protoplasm now separates from the nutritive 
yolk and forms the blastodise, and segmentation proceeds in the ordinary way 
Development is rapid and the embryo reaches three-quarters round the yolk 
in about 1J days On the fourtli day it shows signs of movement and on the 
seventh day hatches as a tmy larva which is about 5 2-10 mm long It has 
an attenuated form, with a conspicuous yolk-sac near the antenor The 
body 18 colourless, and transparent, the mouth gapes widely and the eyes are 
deeply pigmented The yolk-sac is tbe only source of nutritive material which 
IS absorbed through the vascular system Still keeping to the sea-bottom the 
larva develops rapidly, gainmg considerable strength and activity 

At about the end of 3 or 4 days the yolk-sac is completely absorbed and the 
larva is thrown upon its own resources This transition marks the stage of 
migration from deep sea water and it is accompanied by certain physiological 
and morphological changes The larva, which is now about 10 mm long, 
commences its mdependent existence By this tune the continuous embryonic 
fin bos disappeared leaving a permanent dorsal fin near the antenor region of 
the tod There is still a trace of the median fin on the ventral suxiAoe between 
the tail and the anus in the position where the permanent anal fin appears 
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later Tbe gills with their aiipporting arches have undergone important changes 
leadmg towards the adult condition and the upper jaw begins to develop 
The larvsB are usually found m mid-water till they reach a length of about 16 nun 
during which time they undergo very little change, except for the appearance 
of the characteristic pigmentation 

When the larva has reached a length of about 25 mrn it moves to the surface, 
wlieie after a short period, it migrates towards the shore The body now 
bec'omes stouter, the anus moves further forwards, and the anal fin has appeared 
The pelvic fin arises about half way between the anus and the gill-shts The 
longitudinal row of black dots on the wall of the abdominal cavity becomes 
very conspicuous and finer black pigment-spots appear on the dorsal surface, 
especially on the roof of the brain and on the tail Tbe liody becomes pro¬ 
gressively opaque and shortly after this a silvery lustre appears first on the 
opeiculum and lakT along the lateral line The young Herring is now known 
us the Whitebait The appearance of the silvery sheen on the head and 
lateral line marks the end of a definite stage in the hfe-history, for at this 
transition into the whitebait stage red corpuscles begm to appear m the blood 

Duimg the embryonic and larval stages tb(' blood that circulates through 
the body is a colourless fluid wbch carries nutriment and functions bke the 
blood of Amphioxus In artificially fertilised embryos the heart has been 
observed to be pulsating from a very early stage, but it has never been noticed 
by any previous worker that the fluid which circulates m the vascular system 
IS colourless and devoid of red corpusoles 

A similar condition oci^uis dunng the development of Eel The Lepto- 
cephalus larva of the Eel is of a glassy transparence and from sections which 
were kmdly lent to me by Mr J B Norman 1 have been able to find out that 
It IB devoid of red blood In the common Eel AfiguiUa vulgms, the larva 
reaches a maximum length of about 78 mm before it begms to metamorphose 
Up to this stage erythrocytes are completely absent. During metamorphosis 
the larva changes considerably m shape and becomes opaque Transverse 
sections of the heart at this stage show a few isolated colls in the blood Those 
cells are circular m outlme with stainmg nuclei and probably represent erythro* 
blasts Typical red corpuscles are seen abundantly m the “ elver *' stage It 
has not been possible to determine the exact stage at which corpuscles appear 
It would have afforded a very mtexestmg comparative study to find out tiie 
place of origm of the corpusoles, but Mr Norman’s sections were ongiaally 
made to study the development of the chondrooiamum and are therefore not 
very helpful for the purpose 



116 


C. C John 


In thf* present account the larval and metamorphoBing stages of Hemng 
are referred to by their respective lengths, but their probable age in relation 
to length can be estimated from the accompanying table 


Length in 

1 Age m 

Length in 

Age in 

millimotieB 

1 montha 

miUimetroa 

montha 

US 

* 1 

^ 

35 1 

5 

20 

2 1 

I 40 

6 

27 

3 I 

1 

7 

30 

4 

47 

ft 


I 


The earliest larval stage which I obtained is about G mm long The yolk- 
sac IB large, showing that the larva is not more than 1 or 2 days old The 
heart is a simple straight tube, which is divided mto an anterior and posterior 
chamber by a constnction m the middle and lined by two layers of cells, an 
outer myocardium and an mner endocardium, Plate 1, fig 1, At The two layers 
are separated by a narrow space between them A companson of the heart 
of the lorval Herrmg with that of larval Blennies which also, hke the Hemng, 
possesses demersal eggs, shows that there are eertam marked differences in 
the structure and position of the heart between the two In the Hemng 
larva the heart is situated below the pharynx parallel to the long axis of the 
body, and opens posteriorly into a wide space between the yolk-sac 
and body wall, Plate 1, fig 1 The structure of the heart is very simple 
The posterior chamber, the atnum, communicates with the space sor- 
roundmg the anterior end of the yolk-sac by a wide funnel-shaped opening 
The fluid m this space, which is the larval blood, is colourless, but m sections 
It stains very lightly with hssmatoxylm, so that vascular spaces can be easily 
distinguished In Blennies the heart is a long cylmdrical tube which is situated 
almost vertically m front of the yolk-sac, Plato I, fig. 2, b, and the atnum opens 
m the ventral part of the yolk-sac Corpuscles have already appeared and are 
present m large numbers m the heart cavity 
Durrng the migration of the larval Hemng through mid-water to the coast 
the heart assumes its normal shape At the 25 mm stage the heart is a conical 
organ m which the myocardium is very thin, but the endocardium has developed 
mto a syncytial sponge-work which fills the greater part of the cavity. In this 
syncytium there are numerous nuclei, which ate large and sphenoal This 
structure of the heart ptevaila till the metamorphosmg stage is reached. The 
length of the young Hemng at the metamorphosmg stage shows two distinct 
types In one type the change commences udien the larval Hemng is S3 mm 
long, and m the other, when it is 35 with long 
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The metamorpliosiDg stage marks the oommencemeint of the change in the 
oompOBitioB of the blood As the changes which take place are the same, m 
both the 33 mm and 36 mm types, we shall descnbo only one of the types 
In the 36 mm stage the larval Hemng is at first rather opaque and the blood 
IB colourless The body becomes stouter and as the first signs of the silvery 
sheen appears on the operculum a few erythroblasts are seen m the cavity of 
the heart Before any further increase in length is noticed, the young Hemng 
IB completely metamorphosed and the vascular system is crowded with 
erythrocytes Durmg the metamorphosing period three distmct stages could 
be noticed The first opaque stage, m which there are only very few eiythro- 
blasts m the vascular fluid, the second transitional stag(', when the silvery 
sheen begins to appear and the vascular fluid (ontaiiis large numbers of 
erythroblasts, and the third, the silvery stage when the vascular system contams 
tjpical erythrocytes 

The ongm of red Gorpuscles m Hemng is a very interesting problem, but, m 
studying it, one is confronted with the lack of adequate specific methods for 
identifymg haemocytopoxotic tissue m the larval and post-larval forms During 
the early stages of development, most of the tissues are oharacterised by the 
presence of large nuclei which are alike, so that it is difficult to say which of 
them IS really hsemocytopoietic In Gyclostomes the spleen is the heamocyto- 
poietiG organ and Jourdan and Speidel (1930) maintain that it is generally so 
in all animals without long-bones On the other hand, Schmidt (1892) observed 
that the blood cells (erythroblasts) originate from the vascular endothelial 
cells, and the results m this paper support his view In the young Hemng the 
spleen appears on the wall of the stomach only at tbe 45 mm stage, but 
erythrocytes are present m the blood from the penod of metamorphosis In 
preserved material it is difficult to decide whether a tissue contains blood- 
foimmg rudiment, because hmmoglobm is not present m the cells at this stage, 
and so the only method available is to find out whether the cells of the tissue 
migrate mto the vasoular space Large spherical nuclei appear m the endo- 
oardial spongework at about the 28 mm stage * During the successive stages 

* The identity of the huge spherioal oella in the endocardial spongework. with the future 
erythro 0 yteB can be demonstrated by stainmg sactions with Okajema's elective staining 
for eiyihrooytes, oounterstamed with Ehrlich's h»matoxylm In sections which are 
Prepared by this process the large sphenoal nuclei are of a bright golden brown colour, 
while the surrounding tissue of the spongework stains blue Sections of later stages lu 
which the red oorpusoles are free in the cavity, show tbe same characteristic staining, 
the ooipusoles ore stained brown while the endocardial tissue stains blue This method 
may theralore be regarded as a positive proof of the fusmocytopoietic nature of the 
andooardial i^ongswork. 
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of development the network inoreaBes in erne and the nuclei multiply rapidly 
Before metamorpbosiB the fibres of the network are very thick and the nndei 
are crowded inside them If the endocardial tissue is now teased out on a shde 
and stained it shows these sphencal nuclei qmte distmct from the elongated 
muscle nuclei They get easily separated from the tissue and spread on the 
ahde Thu behaviour suggests that these cells are finally budded off from the 
Bur&oe of the tissue at the time of metamorphosu in the normal course. When 
first formed they are situated inside the fibres, but during development they 
move outwards and finally reach the surface of the fibre In the 30-mm 
stage a large number of these hsemoblasts are found attached to the suzfao(^ 
of the reticulouB tissue fibres, Flute 2, figs 3*6, from where they sever their 
connection and become free mcgaloblastH in the colourless blood Soon after 
these megaloblasts are liberated from the eudoi^ardial lining they multiply 
rapidly and become er}rthroblasts Blood smears of the transitional stage shows 
a greater number of erythroblasts than megaloblasts In the megaloblasts 
the protoplasmic part is very inconspicuous, but the nucleus u large and 
sphencal On the other hand, the eiythroblast nucleus u smaller and oval m 
shape The protoplasm surroundmg the nucleus is thicker and stains very 
light The cell itself u disc-like and circular or oval in outlme At the 
begimung of the silvery stage tjrpical erythroblasts apjiear They are fiat 
elliptical discs with oval nuclei In smears a few megaloblasts and erythxo- 
blasta are also seen This completes the development of the red-blood cells 
and by this time the young Hemng is completely metamozjdiosed mto the silvery 
stage 

One interestmg feature m the development of Hemng and Leptocephalus 
IS that, in both, led-blood cells begm to appear after the larvee have reached 
shore, but the causes which lead towards this and their phyaiologioal sigm^ 
hoance on the ongm of blood are beyond the realm of morphology It has 
already been stated that the presence of colourless blood m the larval stages 
of Hemng is a primitive feature which recalls the condition of the blood m 
Amphioxus When the body is transparent and slender the oxygen wbch gets 
dissolved m the colourless blood is sufficient to momtam the growth and 
activity of the animal, but when the body becomes stouter and opaque the 
amount of oxygen which gets dissolved in the vascular flmd is inadequate and 
thus necessitates the development of cells which are specially fitted to absorb 
oxygen* These ceUs develop m the endothelial Immg of the vascular system 
and are budded off mto the vascular fluid. lu a more or leas general way, 
this gives a picture of the ongm of coipusoles in vertebrates. 
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In Teleosteans, as a general rule, blood corpuscles appear very early in 
development The blood-foximng rudiment is separated from the endothebum 
when the mtermediato cell mass begins to form the vascular system, as a means 
of qmckenmg the formation of erythrocytes This rapid prooess masks their 
origin, but in Leptooephalus and Herrmg, owing to thoir primitive nature, the 
blood cells develop very slowly and thus give the clue to the origm of erythro¬ 
cytes from an evolutionary pomt of view 

Though it WAS the aim of the author to study th(^ physiological aspect of the 
ongm of blood in Hemng, the difficulty of keeping the laivss ahve, rendered 
it an almost impossible task 

In conclusion, I wish to express my deepest gratitude to Professor £ W 
MaoBnde, F R S , under whose gmdsnee and supervision this work was carried 
out 1 wish to thank also Mr E Ford, Fisheries Naturalist of the Marme 
Biological Laboratory, Plymouth, for providing m(‘ with the necessary material 
of Hemng, and Mr J R Norman for kindly lending me his sections of Lepto- 
cephalus 


EXPLANATION OF PLATES 
Platk 1 

Fici 1 —^Longitudinal section of the head of Hemng larva (about 2 days old), showing 
the position of the heart 

h'lO 2 —Longitudinal section of the head of Bletinies larva, showing the position of the 
heart and the corpuscles inside the heart cavit)^ 

2 

Figs 3 and 4 —Sections of the endocardium showing the ongin of httnioblasts ami their 
migration to the surface of the tihres 

Fig 5.—Section of the ventnole showing the structure of the endix ardiuin 

Fig 0 —^Part of the same section highlv magnifled to show the luemoblasts 
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Intracellular Hydriou Concefitration Studies. V.* — Crdonw^nc 

of Malignant Cells in Tissue Cidture. 

By Robert Chambers, Washington Square College, New York Umvemity, 
New York, and R J Ludforb, Laboratones of the Imperial Oanoer 
Research Fund, London 

(Communicated by J A Murray, F R S —Received Doocmbcr 8,1931) 

[Plats 31 

The micromjoction of the relatively small cells of mammalian tissues offers 
considerable difficulties, the chief of which is some means of knowing whether 
the cell IS still alive after the injection Usually deterioration of the cell is made 
evident by easily recognisable morphological changes, but this is not always the 
case The best entenon so far encountered for the mjection of solutions of 
dyes IB the restnction of the colour to the cell mjected This is more difficult 
to judge with dyes, especially those basic m nature, which easily penetrate oeDs 
from without In such oases special pains must be taken to prevent spillmg 
mto the medium during the time that the i^apette is being brought mto the cell 
to be injected Fortunately, the Clark and Lubs mdioators are sodium salts 
of acid dyes, and most of these penetrate hving cells, either very slowly, or not 
at all The consequence is that a small amount accidentally spilled about the 
cells quickly fades away by diffusion into the suxtounduig medium and does 
not disturb the procedure of mjection 

When once a solution of an acid dye is injected mto a cell, the acquired colour 
persists for an appreciable length of time Up to the jnes^, the rajectioD of 
cells of somatic tissueshas always been followed, generally withm 5 to 15 mmutes, 
by observable signs of cytolysis This is accompamed, and frequently preceded, 
by a fading out of the colour of the mjected dye. Ffrim these observatkois it 
has been assumed that the cell is aUve as long as the indicator is stQl within 
the cdl mjected This assumption is supported espenments on wavine 
ova (Needham, 1926), for they have been demonstrated to be alive while 
retammg the colour of the mjected indicator both m the cyto plasm and m the 
nucleus (Chambers and Pollack, 1927) 

* This oommualeaUon foruu No V of a sanM in whioli one of tiw aatium (&. 0.) has 
beu oonoemad, of whioh the eadisrnambeii have bean paUfshad elwwhere. 
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In all the vanous types of cells studied \vhere these precautions have been 
taken, the colonmetnc value of the cytoplasmic pu has been found to he unthin 
one or two decimal points of 6*8, and the pu of the nucleus to be equally close 
to 7 6 (Chambers, Pollack and Hiller, 1927, Chambers, 1928, iM , 1929, 
1930) 

In regard to the technique of nucromjeotmg tissue cells, probably the chief 
difficulty hes not ho much in the small size of the cells as in the minuteness of * 
the tip of the pipette It is comparatively easy to draw in and to expel 
aqueous solutions by moans of a pipette with an aperture of loss than half a 
micron m diameter, but the chances of clogging are very groat as the tip is being 
pushed through the glutinous matenal of the cell to be mjected When once 
a pipetto IB clogged the only remedy is to break off the tip, which then is usually 
too large for proper service 

Fig 1, Plate 3, is from a photograph to show the tip of a serviceable tliough 
relatively coarse pipette inserted mto the nucleus of a mammary carcinoma 
cell Note that there is a pronounced taper of the pipetto at its tip It is 
this kind of a taper which makes it possible to control, m some measure, the 
mmute amounts of fluid to be ejected 

The first cell mjected was a spread-out cell of the mammary carcinoma 27,* 
one of a sheet of cells growing in a plasma culture The pipette, contaimng a 
standard 0 4 per cent aqueous solution of phenol re^l, was brought into the 
cytoplasm immediately beneath the nucleus The mdicator slowly spread 
from the tip of the pipette and stopped at the cell boundary The nucleus 
acquired a rose red colour, while the surrounding cytoplasm was tinged a 
diBtmct yellow As far as could be seen, none of the dye escaped from the 
cell. The colour lasted for less than half a mmute, after which it began to 
fade One mmute later the colour disappeared Both during and after 
injection the nucleus showed none of the effects of injury which usually occur 
when it is punctured (Chambers and Fell, 1931, Chambers and Ludford 
[in press) ). Cells of the Crocker sarcoma (fibroblastic) were mjected with 
similar results 

Phenol red was mjected also mto normal mammary gland cells These 

* The nomenolature of the vanous types of tumour oells used is that given to the tumours 
grown in the Labrntaries of the Imperial Cancer Researoh Fund The senior author 
takes this opportunity of the Exeoulave Gomnuttee of the Imperial Canoer 

Reseorah Fund for a grant to defray expenses dunug the penod of uivesUgatiQn and also 
for the kindness and appreciative mteiest of Dr. J A. Murray and the other members of 
the Institute. 
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oellB wM obtained from tiasne cultiusB of the mouse mammary i^and and 
the injections were made m order to compare a nomial oeU inth the oaimnoma 
27 ocU In the several oases m which the mjeotions were snooesaful the nudeus 
alwap acquired a red colour and the cytoplasm, a hunt ydlow 
The other mdicator mjected was brom crcsol purple, also m a ooncentration 
of the standard 0 4 per cent aqueous solution A mioropipette filled with this 
mdicator was brought mto the cytoplasm of a well spread-out cananoma 27 cdU, 
one of a narrow tongue-bke outgrowth of oeUs Upon mjeotion the dye spread 
throughout the cell A relatively small area of the cytoplasm immediately 
Bunoundmg the pipette took on a pale yellow tmt, while the rest of the cell 
became pale blue Tlie nucleus also became blue which gradually d ee pened 
to a distmot purple hue A photograph of this with another cell is diown in 
fig. 2, Plate 3 The mjected cell has a darkened nucleus due to the colour of 
I2ie mjected mdicator The nucleus of the other oell is of about the siae 
as that of the coloured oell but is partly maaked by ovetlymg oytoplasnuc 
granules. It is significant that this cell, although oontiguoua to the mjected 
oell, temamed colourless The colour m the mjected oell penusted fmr a miimfa. 
then the nucleus faded as it degenerated mto a mottled, body, 

the cytoplasm changed from blue to yellow A few mmutes later the colour 
disappeared from the entire cell. 

Cells of the tar oaremoma 2146 were mjected with brom ctesol purple with 
similar results In one case a clogged pipette was mserted mto one nu cH iff 
of a bmuoleate oell Appheation of pressure resulted m a sudden outflow from 
the pipette, bursting the nucleus and teanng the cytoplasm The mjnied 
part of the cytoplasm acquired a vivid yellow colour, while the distant nudeus 
qmokly coloured blue and then purple, and the oytcqtlasm around it, a front 
blue !nie colour faded out within a mmute and the nuoleua boftsnu* dniveUsd. 

The question as to whether it is possible to draw oondusion from the colour 
of p» mdioatois m such a heterogeneous system as the proti^asm of cdls, is 
ducoBsed elsewheie (Ghambats and Pollack, 1927, Gbambete, 1928; 

1929, 1980) The cbef argument in favour of domg so is the fact l^t dm 
injeotum of all the Clark and Lubs meboatora, whose odour changes are within 
the itage of the mteaprotoplasmio p,, give consistent results inespeotivu of the 
ohemieal constitution of the mdicator used It diould also be realised ffrat no 
attempt is made to narrow the Uimts of the p« values beyond those 
hy pronouiwed colour changes of the vaiious indicators which overlap one 
another along the ranges of suoceasive p* values. 

It ji to he noted that the oytopUem of the oells studied dwtinot 
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signs of an $u»d of mjttry when the cytoplasm was mjtured Thu agrees with 
results previously dasonbed ooncermng the acid of injury 
Another point, which has not been sufficiently discussed in previons paperB* 
relates to the colouration of the nucleus when an acid dye is mjected into the 
cytoplasm Basic dyes, such as neutral red, which colonr cells by unmeision, 
do so probably by virtue of the ease with which they pass hrom a legum of 
greater alkalinity, e g , the medium, to a region of lesser alkabnity, e^g , the 
interior of the cell. Acid dyes, in general, pass in the opposite direction and it 
IS possibly for this reason that most of them do not stam cells by simple immer¬ 
sion Consequently, the fact that brom ccesol purple, an aoid dye, readily 
passes from the cytoplasm into the nucleus, is an added argument for the greater 
alkaluuty of the nucleus an compared with that of the cytoplasm 
The results of our expenments, shown in the accompanying table, mdioate 
that the cells of the mouse tumours m tissue culture, viz , mammary carcinoma 
27, tar camnoma 2146, Crocker sarcoma, and the cells in tissue culture of the 
normal mouse mammary gland, have similar values for their oytoplasmic and 
nuclear judged by the injection of biom (resol purple, and of phenol red. 


Table representing colours obtained from injection of indicators into vanous 
cells Colour r^'actions obtained also with Crocker san^oma art' marked 
thus ♦, and with tar carcinoma 2146, thua f 


Collfl in tiwn« oulture 


Normal mommwr _ 

gUnd d mooM fNomml 

m»ini»aivo«K.ioom»27 I (WopUfm \ - 


Golnatu awiuiQed on in)ootion 
of indioaton 


Phenol rod 

Red* 

^ow* 


I Brom orosol purpie. 

I_ _ 

1 

I Blue and purptef 

I Bloet 

I y«ik)wt 


In previous coauaunicatiottB, one of us (R C) lus always tefened to the 
colour of brom otesol purf^ m its alkaline lanKe as Mue, mstead of the purple 
which IS its well recognised tmt in a test-tube The reason for this is tiiat the 
hvmg cell tolsrates only a muumal amount of the indicator, just auffiment to 
produce a tinge of colour. Under the mKOOscope this aj^eais blue. When a 
greater quautily »injected into the cytoplasm oytolysiB sets in and the odour 
at onoe changes to a distmot yellow oharaetenstio for the amd range of the 
mdicakv. On tiis ether hand, the livmg nucleus does not ohenge its eflnline 
reaction on dea^ (Ghamben and Pollack, 1827) It may receive an overdose 
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without oausukg a shift from the alkahne range of the indioator, and hence the 
nucleus is able to receive a sufficient quantity cd the indicator to bxmg out the 
puijde colour. 

The present investigation defimtely places the obtoanmetnc of the cyto¬ 
plasm of the various tumour cells between the allialine range of brom oresol 
purple and tbe acid range of phenol red In accordance with the colour chart 
of Clark and Lubs (dark, 1926) the cytoplasmic pa hes between 6*4 and 7*0 
which IB m agreement with those previously found for normal cells, viz., 
6 8 ± 0 1 

The cytoplasm, when injured and undergoing cytolysis, is definitely yellow 
with brom oresol purple This mdioates that the p„ of the acidity produced on 
mjury IS 5 6 or below, and approximates the value of 6*4 which has been found 
previously m mjured normal cells 

Tbe intranuclear pu is well within the alkaline range of phenol red, viz, 
definitely above 7*2. It is unfortunate that time did not permit further 
expenmentation to observe the efisots of mjeoting ciesol red This mdioator 
would give the alkalme limit for the p^ of the nucleus. In the mjumd nucleus 
brom cresol purple keeps its blue or purple colour, and phenol red its red colour 
Hence there is no evidence for an acid of mjury such as develops m the cyto¬ 
plasm In this respect also the tumour cells exammed are m accordance with 
normal cells 

Flats 3 

Fio l--Photogiapb taken with 2 nun. od-iimnerRion objective showing tip of mion^peito 
” inserted into hyshne nuolesr area of a mammary osiemoma 27 cell in timue 
culture. 

Fio 2-—Two mammary oaroinoma 27 odOs, part of tongue-like outgrowth in tissue oulture. 
Brom oreeol purple had just hem injected into the cytoplasm The deep oedomed 
purple of the nucleus n shows dark in the photograph. The cytoplasm was pale 
blue. The neighbounng cell with its nucleus partly masked by overlying cytoplasmio 
granules, nmamed coloraieBa. 
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Studfiee w the Nervous Control of Carbohydrate MetaboUem. 

I —The PosUion of the Centre 

By C. Doshotfkb, of the Medical Clinic, P^ca, Hnngaiy, and J. J B Macsjmiix, 
F.B S, Physiological Laboratory, The Uruversity, Aberdeen. 

(Received November 28 , 1931) 

[Plati 4] 

The influence of the nervous system over the metabohsm of the oatbo- 
hydxates was demonstrated by Gaude Bernard’s fomous jnqflre expetunmiit 
(18B5) many years before tliat of boimoneB, but recently attentum has beoi 
paid mainly to the latter As our knowledge of the mfluenoe at hormones 
m general has expanded, the possibihty that the activities of the glands whioh 
produce them are regulated through the nervous 83 rstem has been cmundeied, 
and the question arises whether it is mducctly through this cmitrol that the 
nervous system affects carbohydrate metabolism It was with the object 
of solvmg this question that the present research was primarily undertaken * 

Our original plan was to investigate the nature of the changes m oarbo> 
hydrate metabolism brought about by piqfiie, but we very soon found that tliis 
operation, as usually practised, is oncertam m its results and, moreover, that 
It is impossible to differentiate these results from the disturbances m carbo¬ 
hydrate metabolism which ansesthesia m itself mduces This led us to adopt 
the method of deoerebratiou rather than piqflre and, by its use, we have 
succeeded both m localismg withm fairly narrow lumts, the part of the Inam 
which IS principally concerned with the nervous cmittol of carbohydrate mata- 
boUsm and in throwing some hght on the nature of the biochemical changes 
over which this control is exercised In the present paper, we wiB first of all 
give a brief account of the experiments which led us to adopt the decerebratMiD 
Btsthod rathnr tbi^w that oi piqflre, and then consider more m detail the residts 
which have enabled us to localise the diabetic centre In subsequent pi^eas we 
wdl deal with the metabohe disturbances resulting frmn the decerabiatiaB 
and with the modifications of these disturbances which occur when nervous 
pathways through which the centre exercises its control are mteifered witL 

* We SN gteat^ iadabted to the Skdioal R eeee t ch GoiuMd for a fnmt in aid of thti 

ta«wt|fi«kai. 
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ExpmmmU unier TAimindl ani Amytal Anwnthesui. 

I'be fixBt expenments were performed ou rabbits anoBStbetised by in}eotmg 
sodium lununalrntrapentoneally or subcutaneously About 0 per kilo, m 
10 per cent solution, the amount varying somewhat in different animals, mduoed 
satisfactory and steady aneesthesia but the behaviour of the blood sugar 
concentration was uncertain In a series of five experiments on reoeutly-fed 
rabbits, it rose slowly so as to reach about 0 200 per cent in three of them 
and 0*460 per cent in another The muscle glycogen was detenmned m 
three of the annuals and was found to increase in two and dizmmsh in one 
Notwithstanding the rather unsatisfactory nature of these results, particu¬ 
larly with regard to the behaviour of the blood sugar percentage, it was decided 
to see whether piqure of the floor of the fourth ventricle would (.ausc hyper- 
glycseima in reoeutly-fed rabbits under similar conditions of ansesthesia 
The details of a typical experiment are as follows 


Expenrftent 8 

A rabbit (2400 gm ) was aniDStUvtuied at 8 45 a m witli 4 c of 10 jH^r cent Hudmm 
luminal snhdutaueoualy At 10 30 tra( heal and oarotid < annuls were inserted and the 
graoihs and tibialis anttcua musuleK dissected from the loft leg Thi floor of the fourth 
ventnele, ex|ioBed by opening the oocipito atlantoid membrane was then punctured bi¬ 
laterally with a dissaoting noodle, one puncture being 4 mm. and the other 5 5 mni from 
4he tip of the calamus senptonus and both of them Within 2 5 mm of the mid line Piqflre 
was performed at 11 15 and blood samples removed from the carotid at 11.20 and each 
aucceeding hour until 4 20 when the blood pressure was recorded The tibiahs antious 
and gramlis muscles of the right leg and a portion of liver were then removed for analysis 
and the animal killeil b> bleeding The blood sugar percentages for each succeeding hour 
were as follows 0 186, 0 162. 0 121, 0 126, 0 130, 0 126 


llie arterial blood pressure equalled 
The glycogen in musoles of the left leg 
and in those of the right leg 
'Hie glycogen in liver was 


70 mm Hg 

0 86 par oont 
0 30 

OOi „ 


Piqfiro of the floor of the fourth veutncle was sunilarly performed on four 
other leoently-fed rabbits antasthetised with either luminal or am 3 rtal given 
mtrapentonoally AusstheBia was not as satisfactorily mamtamed with 
amytal as with luminal, so that its m]eotion had to be repeated m three or 
four hours in the expenmonta in which it was used In all oases the blood 
sugars were detenmned hourly and they either fell eteadily or temamed un¬ 
changed dunng the 4 or 6 hours of the observation The artenal Mood preeeui* 
was never below 70 mm. Hg 

The absence of hyperglyceemia m these expeninents stands out m diarp 
contrast to its almost invanaUe development when piqflre is performed exactly 
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acocKrduig to Claude Bernard’s uistractions—^piqiire through the skull in un- 
ansasthetised animals * Bmco uivolvoment of the cerebellum might be 
responsible for this hyperglycsemm, several experiments were performed in 
which Bcumard’s method of punetunng through the skuU was used m rabbits 
under amytal or luminal, but with umformly negative rr^sults There oan, 
therefore, be no doubt that amytal ami lummal ontir(*ly inhibit the hyper- 
glyceemic effects of piqdre as ordinanly performed on rabbits 
These results raised the question whether other forms of experimental hyper- 
glyceemia would fail to develop on animals aneesthctise^d with amytal or 
luminal Adrenaline and asphyxia were tned with the following results — 


No of j 
ejcpHnment ' 


An«B8thotM 


Tttbl.- 1 

I* xporimental e'en! blood HUgar at 

fuethod dO minuU inlorvab after 


16 LumitialO 2 gm amy Inject 0 5 c c I/IOOO U 26S,0 tlHTu FO 385 

talO Igtn t adrenalin chlondo i 

later 

XSa Luminal 0 2 gm amv Mechanical aHpM’xiH lor 0 177 (5 minutes), 0 1111, 

tal 0 1 gm 4* 0 2 gin 20 mimitoH 0 100 O 0S8, 0 125 

I later 
I Then later— 

I B amrtalU 05gni 0 >cc adrrnaliiif 0 172,0 259,0 326,0 355 

3i I Luminal 0 2 gm , amy Kther, flinall arnouni ' 0 115 0 105, 0 081 

I tal 0 1 gm Luminsl ’ 

I 0 2 gm 


The ammalfi wen* kept as uniformly aueesthetised as possible, and the results 
clearly show that adrenaline still taused hyperglyceomiu, whereas asphyxia 
and ether failed to do so No utt(*mpt has been made to ascertain whether 
the minimal dose of adrenaline necessary to induce hyperglycouiua is the same 
m ansssthetised as m unauessthctiscd animals, and until this is known it is 
unpossible to say whether amounts of adrenaline comparable with those which 
are believed to be secreted into tlie blood from the adrenal glands under certain 
conditions would be efieotive m animals under amytal or luminal Incidentally, 
the results indicate the principles of a method by which hyperglycssmia due 
to different causes may be differentiated We will return later to a con¬ 
sideration of this aspect of the problem 

It was then decided to usoertam whether there is any region of the bram 
other than the floor of the fourth ventricle in which either puncture or more 

* This method has been employed under local atuestheua by one of the present authors 
(J«J R.IC,) on several prenous occasions (1905, 1923) and has always been found to result 
w vwy marked g^yoosuha or hypetr^^yemmia within a hour or so 

L 2 
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extensive injury, such as trausectiOD, will cause hyperglyoeBoaia in recently- 
fed rabbits ansosthetised by repeated mtrapentoneal injection with luminal 
and amytal % The dcgref^ of anffisthesia was kept as uniform as possible in 
the different expenmentn 

The results are condensed m Table II m whicli the blood sugar percentages 
are given at approximately hourly intervals after making the lesion 
carotid artenes were ligated, unless otherwise stated 


Table II—Effect on Blood Sugar of Lesions in various Regions of Brain 


No of 
expeniment 


(Luminal Amytal Anfissthesia). 


Nature and approximate position of 
losionN in foi‘0 bram 


Blood Hugar percentagea at hourly 
in^rvals after loglon * 


21 

25 

2i\ 

27 

28 
10 

31 

32 


36 

87 

40 

41 

42 


1 I 

Pill Hiirr of nta1bbp,4 10 ii m ’ ^ 101 0 127, 0 126, 0 190, 0 106, 

inid nno and 11 nun m ai lui u oiiu ■■ 115 
■ ( an ini'- not (•hIi t d 

I iihincturo in raid lino extending to ]UBt' 0 IJJ, 0 230, 0 225, 0 224, 0 230, 

0 230, 0 243 

0 104, 0 155, 0 167, 0 178, 0 176, 


behind the jdtuitaiy 

Puncture 3 mm to right of raid line and 
extending to behind the pituitary 
Pi rcMin* ir mid hr'* 'ind rxten^g to! 

ml ilio pemi i*-! I 

Ispi-ii^ f ]iii 'III fro n aide and 
I II II'ill II ii'iiin 

Expoauro of pituitaiy from mdo and 
dostnic Imn of region just behind ohiasraa 
(much basal hoiraonrhage) 

Destruction <i{ olfactory bulb A, followed 
by dostruotion of pituitaiy B 

liflevation of frontal lobes, A, then de- 
Htruotion of olfactory bulb B, and finally, 
docerobration involving region of pitui 
tary C 

Cutting olfactory bulbs and puncturing 
from behind chiasma to top of beam, A, 
finally decerebration, B 
Cutting olfactory bulbs. A, punoturi^ 
from behind chiasma to top of brain, B, 
finally decerebration C 
lAimuial, trephining at A, puncture in 
volvmg pons at B 

LuminaT, trephining at A, puncture in¬ 
volving pons at B, follow)^ by a second 
punoturo at C 

I luminal, trephining at A, puncture in¬ 
volving pons at Bt foUow^ by a second 
puncture at C 


0 128 0 122 

0 0S4, b 004, 0 076 hour), 0 073, 
0 087, 0 084 

0 000 ,0 171,10 210 (1 hour), 0 177, 
0 181,0 140,0 124,0 110 

0 m, 0 2J«,t 0 197, 0 175, 0 147, 
0 168, 0 114 

0 m A, 0 227 (I hour), 0 220 3, 
0 239 (I hour), 0 276,0 257,0 196, 
0 145 

0 m A, 0 172, 0 211, 0 247 B, 
0 240,0 230 C.O 314 hour,0 320 


0 J0S,0 J24A,^ n7(iliour),0 124, 
0 114 (2 hours), 0 087 B, 0 089 (4 
bour),0 086,0 091 
0 m A, 0 117 (1 hour), 0 1^ B, 
0 130,0 130f7,0 123,0*124 

0 m A, 0 244 (i hour), 0 288 B, 
0 249 

0 m, 0 m (} hour), A. 0 215 (I 
bour),0 193,0 196jr,0 186,0*186 
C,0 U6(llboun) 

0 098 A, 0 256, 6 301 B, 0*216, 
0 me,0 184(ihour),0 139 


* The ftnt figure in itabn gives the Uood sugar before making the keion When smallH 
intervals were used, this is shown in brackets 
t This tidien 1 hour later, after exposing pituitary 


% These aiueethotics were used in this oombmatlon, Buaoe we found that when a suffiaifliii 
dose of sodium amytal was given intrapnitoneally to mduoe deep smstheda»lsital 
nsohs often fdkrwed This was avoided by reidacuig some of the amytal with hmiitfaL 
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hx eipe nmo n ta 25,26 and 27 the cerebrum 'was punotured ux a Ime extencbng 
to ]U8t behud the pitmtaiy gland, the blood sugar rose demdedly in one, and 
slij^tly m another In expenments 28 and 30, the pitmtoiy region was 
(U^Kised by carefully raunng the lateral lobes of the oeiebrum, and the mfondi* 
bulum severed, or the region of the tuber oinereum destroyed, without causmg 
the blood sugar to nse above the level to which it had been raised by the pre¬ 
liminary operative procedure It was found that the region of the pitmtozy 
could bo more convemcntly approached from in front, by cutting the olhictory 
tracts and shghtly raising the frontal lobes In two out of the four experi¬ 
ments m which this was done, the blood sugar rose decidedly (Nos 31 and 32). 
In one of these expenments (No 31), the pituitary was then destroyed with the 
result that the hyperglycaimui became somewhat more pronounced, but it 
subsequently declmed, m another (No 32), hyperglyctemia became moTB 
marked following transvers** deoerebration mvolving the pituitary In 
the remaming two expenments of this senes (Nos 36 and 37), a curved aneurysm 
needle, passed from before* bai kwards under the frontal lobes was pushed 
upwards just behind the chiasma and directed so as to emerge on the surface 
of the cerebrum In neither case was there any change m blood sugar. In 
view of the definite mcreases in blood sugar which followed destruction of the 
olfactory tracts in two of the exporunents, the effect of eleotneal stimuIatMm 
of the base of the bram m the region of the optic chiasma was next studied. 
The percentage of blood sugar, after placing the electrodes m position, was 
0*137 and it fell steadily after stimulation Himwich and Keller (1930) 
in similar experiments on cats under amytal, found that the blood sugar 
sometimes became mcreased The last three ciqionments (Nos 40 to 42) 
show that m rabbits under lummal ansssthesia an operation, such as trephining, 
may, m xtsdf, be followed by hyperglyossmia and, on the other hand, that 
punotuze of the pons may fail to cause it 

It became evident from these results, that further progress in localismg 
the diabetogemc centre could not be made by using animals under the influmoe 
of amytal or luminal It was therefore decided to change the plan of attack 
<m the jiroblem and the method adopted was to perform deoerebration at 
different levels of the beam stem m ammab deeply amnsthetised by the wlra- 
vmtm uqection of amytal and to observe the behavior of the Mood sugar m 
the dsosTsbrotod preparation after the effects of the drug had disappeared (2 to 
8 hours). That deoerebration, as ordinarily performed, is usually followed by 
bypet^^yoanua has been known for several years, and, aIthou|^ it is |dam 
that, by suoh a method, exj^oration for the posttum of the diabetogenio oentie 
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must be restncted to the basal regions of the brain, the perfectly definite 
results which we have obtained are, we believe, of significance. 

The procedure was to inject mto an ear vein sufficient amytal,* dissolved in 
2 per cent NagCOs, to induce complete anaesthesia The necessary dose varied 
somewhat with different rabbits, the average being 56 mg per kilogiam body 
weight The anassthesia, which develops without any excitement or muscular 
activity, was usually satisfactory m 6 minutes, but if this average dose proved 
inadequate, u second mjei tiou of 20-30 mg pt^ kilogram was given A tracheal 
cannula wan then inserted, one or two small trephine holes made m the skull 
and a large area of tlie cranial vault removed by means of bone forceps By 
extensively exposing the brain in this manner, its compression from hcemorrhage 
was avoided so that convulsive movements of the animal were practically 
ehmmated Deceicbration was performed with an ahnost straight aneurysm 
needle which was passed into the brain between the postenor extremity of the 
oerebnun and the tentonum and directed downwards until stopped by the 
basilar process of the occipital bone, its slope backwards varying according 
to the exact level at which it was desired to make the docerobration In many 
of the oxpenments, just before performing the decezebration, a piece of liver 
was removed and the right leg was amputated for determination of glycogen. 
The sugar, lactic acid, etc of the blood were then determined at about hourly 
intervals for a period of 3 to 7 hours At the end, amytal was again given 
intravenously and, as a rule, a second portion of liver was removed and the 
left leg amputated for determination of glycogen, after which the animal was 
killed by bleedmg The head was then cut off and put m formalin solution 
In a few days it was cut longitudinally m the mid-hne and the exact position 
of the decercbration marked on a photograph 

We will confine our attention for the present to the results which have a 
beanng on the relationship between the level of the deccrebiation and the 
behaviour of the blood sugar They have been collected mto four groups 
accordmg to this level, as indicated m fig 1 Out of the 10 expenments m 
which decerebration was m region 1 (Table III), no significant nse ooouned 
m blood sugar m eight, and the nse was marked m only one of the remammg 
experiments (No 136) In the five experunents in which decerebration was 
in region II (Table IV), the blood sugar percentage did not undergo any change 
except in one experiment (No 66) and m that only after several hours Even 
when the cut was in the region closely adjacent to the pons there was no hyper* 

* We are greatly indebted to the EU Lilly Company of Indianapolis, U S.A, for supplying 
os with the amytal. 
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glycesmia We reproduce in Plate 4 the photographa of the faiams m which 
the decerebrationfl were in positions I and II 
The almost invanably negative character of these results on the rabbit 
was unexpected in view of the hyperglycsemio efieota which other observers 
have recorded after lesions at correspond- 
mg levels of the brain m the cat or 
dog, and it will be appropriate here to 
refer to these observations Beattie, 

Brow and Long (1930) state that section 
of the hypothalamus in eats, performed 
through the pituitary fossa, is followed 
within 24 hours of the operation b> 
glycosuria and hypergly(*8Sima Thin 
region is desenbed as bemg delimited 
postenorly by a Ime passing from the Fro 1 —Outline drawing of sagittal 

antenor edge of the superior rolliculus sootion of rabbit’s brain, to show 
. , 1 ^ 1 rtjinonfl at which dooerobrations wore 

to the {lostenor edge of the mammil- performwl 

lory bodies In our experiments m region 

I, deceiebration mvolved this area m 3 (Nos 63, 74, and 133), and it was 
somewhat further forward but still behind the chiasma m 5 (Nos 136, 136, 
137, 138 and 140) All deceicbrations in region U were probably a httle 
behind the hypothalamus (Nos 59, 61, 64, 65, 85,132)« fiulatao and Oanncn 
(1925) also found that marked hyperglycfemia developed in cats after deoere- 
bration or decortication had been performed under ether aniesthesia provided 

Table III —^Behaviour of Blood Sugar following Decerebration m Position 1 





Bb 



B R at hourly intervale after deoetebraiion 


JnO 01 

expen- 

ment 

Nurmal 

BR 

jnunodiatolv 

after 

dui'crebration 


1 

1 2 

1 


i 

6 

6. 


per i«nt 

pel cent 

per 

coni 

! pur w*nt 

1 per cent 

pur cent 1 

]>er cent* 

percent. 

02 

0 003 

0 OSl 

0 

094 

0 091 

0 OBI 

0 098 

0 001 

0 099 

S3 

0 075 

0 101 

0 

100 

1 — 


— 

— , 

«. 

74 

0 104 

0 110 

0 

113 

1 0 105 

0 OOM 

0 106 , 

0 ooo 

— 

133 

0 112 , 

0 196 

0 

106 

1 ™ 

( 

. 1 

- 

— 

136 

0 lOS 

0 163 

0 

266 

1 0 110 

1 0 300 1 

i 0 304 ' 


— 

136 i 

0*104 

0 149 

0 

144 

1 U 142 

0 142 1 

1 0 184 , 


f — 

137 1 

0 116 

0 lu 

0 

133 

' 0 U3 

0 160 , 

, 0 162 

1 


138 1 

0 106 1 

0 099 

0 

090 

< 0 090 

' 0 087 1 

1 - I 

' 

' — 

180 ! 

0 116 I 

0 161 

0 

161 

1 —, 

, 0 128 

1 0 128 1 

— 


140 I 

0085 

0 OSS 

0 

006 

- 

„ i 

i _ 1 

1 1 

- 

1 - 


0 102 


0 000 
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that a high degree of peeudcKiffective aotivity faecune developed, otherwuo 
there wafl httle, if any, increase in the blood sugar level They consider that 
the hypei:i^yo«Bmia is one of the effects resalting from a discharge of impulses 
from a sympathetic centre situated in the hypothalamus, this discharge bemg 
normally prevented by inhibitory influences from the cortex, an mterpretation 
which IB in unison with that of Mellanby (1919) who did not, however, ediarply 
define the position of the " hypcrglycseiiw. ” centre Olmsted and Logan 
(1923) also found that decerebration posterior to the hypophysis did not 
usoally result m hypeiglyceemia m cats, althouj^ it always caused it when 
performed at the level of this gland 

There is also evidence that electneal stimiUation of the hypophysis causes 
the blood sugar to increase Thus, Keeton and Becht (1915) found m dogs 
that stamulation causes hyperglyceemia independently of the ether used for 
ansesthesia They state that stimulation antenor or posterior to the gland 
in dogs does not affect the blood sugar level 

We may also refer to the experiments of Karpins and Kreidl (1927) and 
Houssay and Molhnelli (1925) who obtamed evidence that electneal stunulation 
in the region of the h>'pot)ialamuB resulted m a great mcrease m the mtemal 
secretion of adrenaline, which would indirectly raise the blood sugar level 
The latter authors state that a similar effect can be obtamed by stimulating 
the floor of the fourth ventncle, which is m agreement with the previously 
published statement of Cannon and Rapport (1921) that there are probably 
two centres which may cause a nse in blood pressure and an mcreased seoreticm 
of adrenahne, one situated m the hypothalamus and the other m the bulb 
(pons) Fmally, it has been noted by Himwich and Keller (1930) that electneal 
stimulation of the region of the optic chiasma m oats under amytal annsthesia 
was followed by a nse m the blood sugar level when the antssthesia was h|^t 
but not so when it was profound 

In view of all this evidence pomting to the existence m the tegum of the 
hypothalamus of the oat’s bram of a centre controUmg, among other functions, 
the mechanism upon which the blood sugar level depends, it is difficult to 
explam why similar results were not obtamed m our eiqienments on the rabbit. 
It cannot be accounted for by a paucity m the amount of glyoogoi m the 
bvex'—there was, for example, over 10 per cent of this m the hver of rabbit 
No. 132, and it cannot be attributed to ansesthesw, sinoe the animal, bemg 
decerebrated, tiie effects of this had passed off several hours before most of 
the sampleB of blood were taken for andysiB Moreover, the high degree 
of hyperglyetsima which mvanably developed under identical oenditioBs of 
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Table Y —Beliavicmr of Blood Sugar following Deoenbiation m Boaitum 111 



( 

1 

B8 

B S at hourly interralfl after deoetebration 

No of 

Normal i 

immediately 

after 





exponmettt 

BS 1 





1 1 

decerebration 

1 

2 

3 

4 


1 i 

per oen( | 

per cent 

percent 

per cent 

[ i 

1 per cent 1 

1 

1 per flout 

68 

0 117 


0 117 

0 161 

0 193 

' 0 249 

m 

0 119 ' 

0 167 1 

1 274 

>1) 376 

>0 376 

>0 375 

69 

' 0 080 

0 167 1 

0 202 

0 265 

1 —• 

76 

0 102 

0 162 

1 0 111 

0 162 

, 0 266 

' 0 311 

7K 

0 105 

0 203 

1 0 313 

>0 375 

' 0 320 

0 201 

70 

1 0 112 

0 16) 

0 114 ] 

1 0 178 

(» 231 

. 0 241 

82 

1 0 098 

0 182 

0 141 

0 182 

0 174 

’ 0 184* 

83 

! 0 113 

0 161 

0 266 1 

, 0 :m 

. 0 327 

1 0 310 

H4 

1 0 110 1 

, 0 154 

, 0 18t> ' 

1 n 225 

t) 279 

t >0 150 

87 

0 IJI 

0 187 

0 173 ! 

1 

— 

0 260 

91 

i 0 116 

0 136 

0 186 

0 248 

’ 0 297t 

1 0 306 

93 

0 107 


0 193 

0 268 

, 0 338t 

‘ 0 236 

95 

1 0 088 1 

1 0 140 

t 0 154 

0 203 

0 300t 

1 0 301 

97 

1 0 100 1 

1 0 lor) 

' 0 166 

0 207 

. 0 260 

‘ 0 235 

99 

1 0 100 


0 176 

0 224 

0 271 

0 287 

124 

, 0 101 

0 161 

' 0 104 

0 268 

0 322 

1 0 352 

126 

— 

0 144 

1 

> 0 260t 

- 

0 404^ 

130 

! 0 107 

0 160 

' 0 222 

0 266 

1 0 361 

; 0 346 

181 


0 172 

0 314 


- 

1 

U2 


1 0 171 

0 254 

— 

- 

t 

148 



0 216 



' 

146 1 

0 lc« 1 

0 ISO 

1 0 200 

0 246 

0 280 


149 

,n 

«> 100 j 

0 141 

, 0 164 

0 212 

! ^ 

1 0 287 

Averogo 

0 no 1 

0 166 

< 0 196 

0 241 

1 0 280 

i 0 291 

Dijforpnce 

0 04n 0 040 0 040 0 040 0 000 

• Lftigo hiemorrhage t Kiigotamiuo after f 

♦ 4- houm k }“ hours 


anesthesia, etc, when deceiobration was peifotmed at Idie level of the poua (tnde 
M^ra), rules out any chance of experunentsl error on account of anesthesia. 
Very different results were obtained when decerebiation was performed 
m the region of the pons (n‘gion III) in a senes of 22 experunents (Table V) 
decided hyperglycemia developed in 21 within 4 hours after decoebration, 
the only exception being in an animal m which a very extensive pontine 
haimoirhage was present If we take the average of all the expeninmits, it 
can be seen that the nse m blood sugar percentage is a very steady one and 
that it begms with the first sample of blood to be removed after comideting 
the decerebration The interval elapsing betwemi decerebration and ooUeoting 
this sample vaned sbghtly, owing to uregulanty m the rate of bleeding, bat it 
never exceeded 5 mmutes The operative ptooedtne per <e cannot be held 
entirely accountable for this imtial hyperglyossmia, smoe it waa moonspiouoaa 
in the eaqpenments of legiona I and II, Plate 4 It would sppeu, iherefoxe> 
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that the nerve impulses which are responsible for the hyperglyoaamta occur 
immediately decerebration is performed, and that these imtial impulses are 
more effective than sabsequent ones, since they can act in face of the mhibiting 
influence of amytal As we shall see later, the blood sugar does not rise above 
the level attamed immediately after decercbration when the animals are kept 
deeply amesthetisod by repeat(>d injections of amytal 
The average blood sugar percentage contmw^d to nse at about the same rate 
until between the third and fourth hours followmg deceiebration when the 
rate of increase usually fell off <*ODsiderably 
Deceiebration further ba(k than the pons (in region IV) was jwrfornu-d m 
10 expermients without any of them showmg a sigmficant mcreasi* m the 
percentage of blood sugar (Table VI) The only noteworthy change was that 
observed in the blood removed immediately after th(* deceiebration Taking 
the average of all tlie experiments of this table, there was an immediate increase 
of 0 028 mg per cent over the prt^deoerebration value, and smee this iucre.aae 
18 less than that observed for the expi^nmcnts m region III but above that for 
those of regions 1 and 11, we attnlmte it to unavoidable imtation of the pons 
during the operation 


Table VI —Behaviour of Blood Sugar following Deoerebratiou in Position IV 
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0 112 
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02 
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0 104 
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111 1 
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0 13S 

0 141 

0 141 

0 141 

118 

0 lie 

0 173 
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0 172 

0 184* 


114 i 

0 085 

U 13« 

0 116 1 

1 0 118 1 

1 0 U1 ; 

0 143 

US 

0 106 i 

0 1A8 

0 148 

0 lest 

> 0 070 

0 090 

U1 

0 002 

0 080 

0 080 

— 

0 002 

0 076 

147 

0 100 

I 0 US 

0 no 

0 128 

0 112* 

— 

14S 

0 ooe 

0 138 

0 115 

•o 140 

0 185 

— 

Average 

0 100 

0 137 

0 12J 

0 13S 

0 131 

0 126 


* Circulation poor t Inaulin Injeotod after 


The ohnosb unfailmg certamty with which marked hypexglyceeima could 
be induced by deceiebration at the pons, although not at other levels of the 
oetebro^pinal axis, ramed the question whether like results would be obtained 
by pmictonng it with a disseotmg needle throng the floor of the fourth 
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vmtride under oonditionfl of aumtheBia, eto.» sinular to those used in the 
deoexebiation ezpenments Although the experiments of this nature were 
really performed pnor to those m which deoerebration was employedf they 
would seem to fit in here The rabbits after ordinary feeding were mjeoted 
mtravenoosly with am 3 rtal and when deeply anmthetised, the oompito atlan- 
toid membrane was opened and the floor of the fourth ventnole punctured m 
various positions, as shown ui fig 2, the (Lrection of puncture being usually 



Fio 2 —Outline drawing of floor of fourth ventricle m rabbit's brain, showing position 


of punotnroB 

1 B S in 4 hours 

2 

3 

4 
3 
6 
7 


0 171 per cent ♦ 
0 250 

0 161 M • 

0 204 

0 no , 

0 102 , 

0 106 


* In 5 hours 


forward The wound was then closed and the animal allowed to rei^over from 
the amytal, samples of blood being removed for analysis at hourly intervals. 
The animals usually recovered from the anaesthesia m about 1 hour The 
results are shown m Table VII 

Marked byperglycaemia developed in two of the experiments (Nos 61 and 
63) and in both of these post-mortem examination showed that the punctate 
had passed through the pons There was a moderate nae m blood sugar per- 
oentago in two of the remaining expeiunents(NQB 48 and 62) but, unfortunnbdy, 
there is no post-mortem record to show what structures were involved in the 
punctures To judge from thejt positions ntm the floor of the ventciele it k 




TaUe Tll.*-Blood Sugar peroeatageB at hourly intervals after recovery from Amytal AnaBsthesia during which Puncture 
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that so Bigsifioant chaoge oocnrred, plus sigau, the extent to which it 
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unlikely that the needle passed through tiie pons m eitheir experiment In 
the remaining three experunents, the blood sugar percentage underwent no 
change, although in at least two of them (54 and 65), the pons was appatenUy 
involved 

We do not know whether ptqbre of the pons through the floor of the fourth 
ventncle with an instrument larger than the needle used 1^ us would cause 
hypeiglycrenua That it probably would, is indicated by the results published 
by Hiller (1930) who, in order to avoid the confusing effects of ether annsthesia, 
did not perform the piqure until 6 hours after withdrawing the onnsthetic, 
the floor of the fourth ventrirle having been oaposed while the animal was under 
its mfluence He found that piqdre of the medulla m the region of the dorsal 
nucleus of the tenth nerve was without signiflcant effect on the blood sugar 
level, whereas piqhrc m the pons and t erebellnm, m the region of the vestibular 
nuclei, mvanably caused marked hyperglycaunia These results are contrary 
to those of Brugsch, Diesel and Lewy (1920) which seemed to idiow that the 
diabetogenic centre is located in the dorsal nucleus of the vagus In this 
particular, oiir results deflmtely confirm those of Hiller It is mterestmg to 
note also that Cannon and Rapport (1921) concluded that a centre having an 
mfluenee over the internal secretion of adrenabne may be situated m tbebulb 

It IS scarcely necessary here to review the numerous other researches in 
which piqfire of the floor of the fourth ventncle has been performed In 
very few of them is the published information sufficient to tell exactly what 
structures were mvolved One gathers from several of the papers that there 
was an element of uuoertamty as to whether the piqfixe would or would not 
induce hyperglyosenua In the light of our results it is most likely that mvol ve* 
ment of the pons rather than, as was supposed, a possible shortage of the percent¬ 
age of glycogen m the liver, was the deoidmg factor As far as we can find, the 
neatest approaches to accuracy, m desonlnng the position on the floor of the 
fourth ventncle at which the puncture was made, are m the papers by Stewart 
and Rogoff (1918) and Bantmg, el al (1923), and m them it is shown to have 
been between 4 and 8 mm above the tip of the calamus scriptonus But tills 
IB not sufficient information from which to determme whether the pons was 
mvolved in the pathway of the puncture. When Claude Bernard’s instructions 
(1866) are accurately followed, there can be little doubt that the pons is mvolved 
xn the puncture, so that “ diabetes ” ocouis. 13118 method consists m punctur¬ 
ing through the skull with a stylet, liaving at its end a cuttmg edge 2 wim 
wide Hie stylet u pushed through the skull just in front of the ft oftip ital 
protuberance and is directed m a Imo nuuuog from this to the cvtam^l aaditczy 
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meatus, mjunng the corebellam and often causing considerable haemorrhi^ 
accompanied by violent convulsive movements. Hub renders the method 
useless when information is sought ooncemmg possible changes m the meta- 
bohsm of glycogen, lactic acid, etc, resulting from the piqQre When Eck- 
hard’s (1869) method is used exactly accordmg to the directions contained m 
the original paper there is little doubt that the pons is mvolved in the puncture 
After opening the occipito-atlantoid membrane, the puncturing instrument is 
passed forward parallel to and a httle above' the floor of the fourth ventncle 
until its point is near the upper end when the handle is raised and the point 
pushed through the floor 

Since the lesions m the pons m our experiments have in most cases extended 
the whole width of this structure, it is not possible to give the exact position 
of the centre In several experiments, as in all those of region IV, the corpora 
quadngcmina and the region between these bodies and the pons were involved 
Without auy hyperglycteniia o<.cumug On the other hand, when the pons was 
punctured after exposmg the fourth ventricle by opening the oocipito-atlantoid 
membrane, the portions bordonng on the corpora quadrigemma were not 
involved but, nevertheless, hyperglycaimia sometimes occurred These results 
indicate that the centre cannot bo situated in the dorsal portions of the pons 
and the probability is that it resides m oortam of the nerve cells of the teg¬ 
mentum Hiller gives the centre as involvmg the region of the nucleus of 
the eighth nerve, its connections with the cerebellum and the cerebellum itself, 
and he states that rotation of a normal rabbit on a turntable for 6 mmutes 
xoiBed the pen entage of blood sugar more than did piqure of the nucleus of the 
tenth nerve While there is no doubt that the eighth nerve nuclei were 
mvolved m our decerebrations at the pons, there were several experiments in 
which the cerebellar attachments and the cerebellum itself were involved 
without any hypergiycsenua occurring, so that m this regard our results do not 
support Hiller’s conclusions 

It was considered by Claude Bernard that the imtatiou set up by the piqure, 
rather than the dostruction of some centre, or pathway, is responsible for the 
hyperglycflemic effects which follow This seems to us to be correct The 
only attemative explanation is that some pathway prooeedxug from a higher 
centre having an inhibitory influence on the mechanism, or mechanisms, con¬ 
cerned wiith the regulation of the blood sugar level is severed, but evidenoe that 
such an explanation is untenable is to be found m our results which show that 
no hyperglyoeeima followed when the section was made mimeduady in front 
of the pons 



140 


C. Donhofier and J. J. B. Biacleod. 


The intexest which has recently been taken in the possibility that the diabetic 
centre really resides in the hypothalamus led us to perform a large number ci 
eicpenments m which this region was included in the decerebrations In 
relatively few of these did we find hyperglycemia to occur and when it did so 
it was usually much less pronounced than when the pons was mvolved We 
cannot deny that a centre capable of influencing the blood sugar level may exist 
in this region, but we do not accept the evidence so far recorded m the hterature 
as showmg that the chief centre is here. It is possible that there are vanous 
regions of the bram provided with similar centres 


Summary 

(1) Puncture of the floor of the fourth ventncle of the bram m rabbits having 
an average amount of glycogen m the hver and muscles has no effec^t on the 
blood sugar level while the animals are under the anaesthetic influence of 
** luminal or “ amytal ” 

(2) Under similar conditions of anaesthesia, mjection of adrenaline results 
m hyperglycaemia, but mechanical asphyxia or ether is without effect on the 
blood sugar level, and lesions of the bram, such as decerebration or injury in 
the region of the hypothalamus, only occasionally cause it to rise 

(3) When dec(‘robration is performed in rabbits during the short penod of 
anassthesia mduced by the intravenous injection of amytal, marked hyper- 
glycasmia supervenes withm 2 hours, provided that the pons is involved Decere- 
bration antenor or postenor to this region seldom has any effect on the blood 
sugar level, except when it mvolves a narrow portion of the medulla adjacent 
to the pons 

DESCRIPTEON OP PLATE 

Platb 4 —Photographs of brains of rabbits decerebrated in positions 1 and II 
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Studies iH the Nervotis CorUrol oj Carbohydrate Metabolwm 
II - The Chemical Changes set up %v the Body durrnq Decerebrat%on 

H yperglycamm 

ByC Donhoffer, of the Medical Clinic, Pdc8, Hungary* and J J R Macleod, 
FR S , Phv8iologicftI Laborator> Tho University, Ab(*rdeeD 

(Keceiv(‘d Novenibei 2M, 1931 ) 

The pronounced hyperglycsemia which follows dccerebration at the level 
of the pons in rabbits may be due to increased production of glucose out of 
glycogen, to supprosnion of the utilisation of gluco^i by the tissues oi to 
excessive new formation of glucose (glucone(»gcneRi«i) out of piotem and fat 
To ascertain which of these functions js involved, we have mvestigated the 
changes in the percentages of glycogen in the liver and muscles and of lactic 
acid and non-protem nitrogen m the blood produced bv decerebration, and we 
have observed its effecd^ on the respiratory metabolism 
It was hoped, by a comparison of these < hauges with those produced by 
injecting adrenahne mto nonnal rabbits, to obtain decisive evidence showing 
whether or not increased secretion of this hormoui* from the adrenal glands is 
the essential cause of the hyperglyceemia resulting from pontme deceiebration 
These observationB have been conducted on anunals m varying states of 
nutrition and after experimental mterferenoe with the contmuity of the possible 
nervous pathways through which the diabetogenic impulses might be oondneted 
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Mefhods 

Thf* tnethods iwed for tho vunouH dcteniuiiations have been standard ones 
and it is ueoessary here to refer only to c^crtam details of procedure with regard 
to measuieznent of tho behaviour of glycogen m the hvor and muscles and of 
the respiratory exchange 

The Glycogen of Muscles and Lviwf —^Immediately after inserting the tracheal 
f annula, a stout cord was placed around the right leg just above the knee- 
jomt, and amputation performed by a hatchet while the cord was tightened 
this procedure practicallv no blood was lost The amputated leg was 
allowed to fall into a fn^ezing mixtuie and when thoroughly cold was skmni'd 
and the muscles cut oft and placed m hot GO per cent KOH solution There 
was seldom more than a slight twitch of the muscles when tht‘ leg was put in 
tlie freezing mixture and of ijuirse, none at all when the muscles were excised 
and placed in the potash This method was adopted m light of the results 
obtained b\ Anderson and Marleod (1930) and after the attempt had been 
made in some of the earlier of the present experiments, to dissect out particular 
muscles The abdomi^n was opened m the imd-lme and a flat ligature (shoe¬ 
lace) tied around the small central lobe of the liver, the tip of which was out 
off and immediately placed m liot 60 per cent KOH solution 
The decerebration was then performed, as desenbed m the previous paper, 
and amytal was not given again until the end of the experiment when a second 
intravenous injection was made to prevent rc'flex twitching of the muscles 
The left leg and another portion of liver were then removed for analysis 
The RespmUory Obsermttons —The rabbit was placed in a metal box con¬ 
taining about 4000 c c of water at 36-37'' C This box was enclosed m a 
larger one, the space between being packed with broken cork The box was 
i overod by a glass hd and sometimes wrapped m a thick blanket The tracheal 
cannula was connected with the Olmsted-Taylor pump by means of which 
artificial respiration was mamtamed, the expired air being < ollected fur penods 
of 16 nunutes each at hourly mtervals m a 20 litre rubber bag The mmute 
volume of an was 700 c o , the rate of breathing (« c , of the pump) 30 per mmute 
and the respiratory volmne of each breath therefore approximately 23 5 c,c. 
These conditions were kept constant m all the experiments (unless otherwise 
noted) and only very occa^uanally did any of the animals show spontaneous 
breathing After metenng the air which had been collected, a sample was 
oarefully analysed m a modified Haldane apparatus The temperature of 
the animal was read, at least hourly, on a thermometer inserted among the 
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mufloles of the thorax and the temperature of the liath> after stunng, on thermo¬ 
meter placed at eaoh end of it 


ReauUa 


Those for glycogen and lactjc a(*id are collected m Tables 1, II and III In 
all of the experunents grouped in Table 1, decerebration was performed at the 
pons and in these the com ciitration of sugar m blood removed 4 hours later 
reached or exceeded 0 18 per cent In those of Table II, decerebration was 
performed at other levels and the blood sugar percentage did not change In 
those of Table III, the mfluene^e of vanous other experimental conditions is 
shown The changes observed m the concentration of the lactic aoid of the 
blood and the glycogen of the liver and muscles were as follows — 

The blood kushe aad immediately after decerebrating was fairly uniform in 
the ilifierent experiments and averaged 0 039 mg per lent After 2 hours its 
behaviour was irregular if we allow Jb 5 mg per cent for oxpenmenial error, 
it remained unchangtsd in four of the fifteen expenments m which it was 
measured, decreased m five and luoreasi^d m six After 4 hours, on the other 
hand, the lactic acid m(.reased decidedly in all but two of the experiments 
(Nos 100 and 124), and in those m which it was observed at a later penod the 
increase became very marked It may Ik* of some significance that m one of 
the exceptional experimimts, the glycogen percentage mexeased m the muscles 
and m the other it fell to a moderate degree only If we take the average of all 
the experiments, it is clear that the mcrease m lactu acid ocemred mainly 
after the second hour Two possible causes for this delay m the nse m lactic 
aoid have to be considered (1) the remainmg effects of the amytal may retard 
its mcrease at first, and (2) foilmg cuculation may stimulate its production later 
Amytal alone had no lufiuoni e on the lactic acid level of normal rabbits, as is 
shown m the results of Table 111, and this conclusion agrees with that of other 
workers (Hinsey and Davenport, 1929) But this does not necessarily indicate 
that this narcotic has no efffK)t in retarding or preventing the accumulatioi) of 
lactic acid m the blood after decerebration It would be necessary to 
observe the behaviour of the lactic acid aft<>r decerebration under local 
aimsthesiai before deciding whether the am}rtal anaastheaia was responsible 
for retarding the mcrease in lactic acid in our experunents It may 
be of some significance m this connection, that amytal does not interfere with 
the nae in lactic acid following mjection of adrenahne (Con and Oon, 1928) 
Nevertheless, it tetards the breakdown of glycogen m the musdes m normal 
(Hmsey and Davenport, 1929, Sggleton and Bvans, 1930)* 
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In the expenmeutB in which deccrebration was performed at levele other 
than the pons (Table U), the lactic acid was somewhat irregular m its behaviour 
After 2 hours it remamed near the normal level lu all of the six expenmeuts in 
which the deoerebration was m position 1, it mcreased m three of the four 
oxpenments when the deoerebration was in position II, and m one out of six 
when it was in position IV After 4 hours or more, there were no noteworthy 
changes m lactic acid, except that a moderate mcrease usually oocuned in the 
expenments m which deoerebration was in positions U and IV These results 
show, among other things, that the marked lactacidssmia which was present 
4 hours after pontme deoerebration cannot have been due mainly to failing 
eiroulation (and consequent anoxssmia of the muscles) 

Oon and Oon found after injecting adrenalmi^ into rabbits that the changes 
which oocuired m the concentration of blood sugar ran parallel with those m 
lactic acid In the present mvcstigation this parallelism was not a close one, 
as may be seen by oompanson, either of the hour to hour behaviour of the two 
substances in individual expenments or of the average level attorned m all of 
them at a definite penod (4 hours) after dc^cerebratiou As typical expen* 
ments, we may take No 99 representing one m which the liver glycogen was 
low, because of fasting, and No 97 representing one in which it was high, because 
of special feedmg 
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If we axiange the results of all the experiments of Table I mender of increanmg 
eoncentiations of blood sugar at 4 hours after deoerebration, those of laotio 
aod run as m table on foUowing 

In seeking for the cause of the mereases m sugar and lactic amd in the blood, 
we aatnrally turn to the behavionr of the glycogen of the hver and muscles, 
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Blood sngar was | 

Laoho aoid 

Blood Bttgar wae 

Laotio aoid 

per ceDi i 

" " 7i 

lUg per cent 
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0 18 1 

76 1 

0 20 
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0 20 

06 
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0 24 

85 

0 31 
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54 

0 31 

62 

0 26 

23 

0 31 
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0 26 

66 

0 36 
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and the results which demonstrate this are inolnded in the Tables 1 to HI 
In some cases the ammals were depnved of food (stock diet) during a penod 
of 12 to 24 hours before the experiment, m others, they were given food nch m 
carbohydrate 

The lover QJyoogefi -In the ununals which were fasted for 16 hours or longer 
preceding the experiment, the glycogen of the hver at the beginning vaned 
between 0*12 and 2*5 pei cent and there was no obvious relatiimship between 
the duration of the fasting period and the glycogen percentage The glyoogm 
of the liver moreased decidedly in three expenments (Nos 78, 82 and 88), 
it remained practically unchanged in three (Nos 76,118 and 119) and deoteased 
m the remaining five (Nos 84, 99,100,124 and 146) It is significant tba'^ in 
five of the six instances m which the glycogen either mcreased or lemamed 
constant, it was below 0 7 per cent to start with, diowing ihat none of the 
m<m‘asi> m blood sugar < an be attributed to excessive production of gluoosi* 
out of the glycogen stores of the liver Even when, as m other expenments, 
some of the extra sugar may have been so denved, the amount of this was fai 
short of that necessary to account for the hyperglyciemis, for example, the 
maximal change m any eiqionmont of this group was from 2 44 per cent, to 
1 06 per cent (No 124), a dificrence of 1*38 pet cent which, aaanming the 
liver to be 6 per cent of the body weight—^whioh was 2 26 kg -gives a total 
of about 1 66 gm of glut osc Injected contmuously over a penod of 4 hoars 
mto a rabbit of similar weight, this amount of ^uoose would not raise the bkmd 
sugar curve to anythmg like the extent observed after decerebratum. Thus 
Con and Con (loc oit.) found that it required over 2 gm g^uooeeperldlogiainaiid 
hour injected mtravonously to raise the blood sugar percentage of noimat 
rabbits to about 0 800 In expenment 124 the rate at which sugar was tost 
from the hver equals 0 17 gm pet kilogtam and hour 

In concluding that very little, if any, of the eztsa blood sugar m many ol tiia 
eiqienments can have come from the initial glyiM^en straes of the liver, ws do not 
mean to im^y that we regard changes m the ^oogen peroentage of tiie Ihnar 
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as bearmg any definite n'lationship to the amount of glucose which this mgiui 
may dediver mto the blood On the contrary, we consider that ^yoogeu m the 
hver eziats m two physiological states, one a storage form built up from pre¬ 
formed glucose and another, a gluroneogemc form synthetised from protem, 
lactic amd, etc , and not, as a rule, stored up to any extent The glycogemo 
function of the hver, at least in so far as the gluconeogenic form of glycogen is 
ooncemed, must be thought of m the dynamic rather than tiie static sense, 
and glucose may be produced from this glycogen as quickly as it is being fomied 
Observed changes m percentage of glycogen are therefore no measure of the 
amount of glucose which may have been formed from it or, conversely, of the 
extent to which glycogen formation may have been going on Later on we 
will discuss more fully these aspects of our problem 
Tummg to the experiments in which, as a result of special feeding, large 
percentages of glycogen were present m the hver to start with (Nos 79, 97 and 
149), we see that a much higher proportion of the extra blood sugar may have 
come from this source In one case, for example (No 149), the percentage of 
glycogen fell dunng the expermicut from 9 55 to 4 33, a differmoe of 5*22, 
thus accountmg for 3 U5 gm of glucose (smee the animal wei|^ed 1*17 kg). 
Hie e:q»nment lasted 3 5 hours, so that about 1 gm of glucose per kilogtam 
and hour was derived from the preformed glycogen of the liver, ui amount 
which, if injected lutTuvenously, would, to judge from Con’s results, have 
raised the blood sugar perteutage to about lialf the height actually observed 
m the experiment The jn'sults therefon' show that even when the preformed 
glycogen of the hver is very high to start with, its breakdown does not furnish 
all of the extra sugar which appears m the blood after dccerebration 
With legud to the behaviour of the hver glycogen m cases m which deoere- 
btaticn, being elsowhen* than at the pons, was not followed by hyperglyciBima, 
it wiU be seen that out of eight experiments (Table II) m which the animals were 
&8ted, the glyr,ogen percentage remained practically unchanged or it moieased 
m SIX (Nos 186,138, 104, 111, 113 and 141) and it decreased decidedly m two 
(Nos. 187 and 114) This result, therefore, dues not differ essentially from that 
obtained after pontme deceicbration In only two out of four expeiimenta 
(Nob 182 and 148) m winch fed rabbits were used, was the uutial glycogen m 
the liver very high, and m these it soatcelv became less as a result of the 
decetebratum In two other fexl rabbits (85 and 86), the mitial glycogen was 
unlntimately not very high, but in neither of them did the decembration cause 
it to ohange significantly It is probably sale to ommlnde that the small 
ohiagM in liver glycogen observed m this group of mpenmeDts were no different 
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from what they would have been had no deoeocebtation been pet&naned Tbw 
conclusion is supported by the results collected in TaUe m, fraon wlmA it oan 
be seen that very little change occurred m the percentages of glycogen of 
muscles and liver, or of the sugar and lactic acid of the blood, as a lecnlt of 
giving one antssthetic dose of amytal intrsyenonaly and then allowing the ananal 
to remam quiescent for 4 hours 

The Mtude Glycogen —^In mne out of the eleven e:^eninente on bated 
rabbits shown in Table 1, pontme decerebration caused acmie lednotioa m the 
percentage of glycogen m the muscles In one of the enseptums fib 8S) 
there was a doubtful increase (from 0 36to0 41 per cent*) and at the aanie tone 
the glycogen of the hver rose from 0*16 to 0 41 per cent In this expanment 
hyperglycsemia was pronounced and lactaoidnmia moderate in degree, so 
that unless carbohydrate was still bemg absorbed from the ahmentary eanal— 
which is unlikely smoe the animal had been bated 48 houra—the extra sugar 
must have been produced by a process of gluconeogeuesis In the other expeii- 
ment m which an increase m muscle glycogen occurred (No 100) the liver 
glycogen decreased by about 0 6 per cent or m Mo 0 3 gm (hver wm^ied 60 
gm), which falls short not only of the amount winch could be held aooountahk 
for the mrrease tn sugar which occurred m the blood of this animal, but also 
for the glycogen which accumulated m its muscles (0 64 gm) 

The average glycogen ui the muscles to start with m the remaining nine 
expenments of this group was 0 834 per cent, and at the end, 0 210 percent 
Assuming that the musoulatuie of the rabbit is 40 per cent of the body-wei^ 
and that the leg muscles which were taken f<n analysis are representative, 
with regard to their glycogen content, of the body as a whole, then 0*6 gm 
of sugar per kilogram body-weight was, on a rough average, made available 
from muscle glycogen Injected mttavenously over a penod of 4 hoan this 
amount of glucose would have had very little effect on the blood sugar level 

If we select the experiment m which there was the greatest diminution of 
glyopgen m both liver and muscles and calculate m terms of glucose the amount 
of glycogen which disappeared from these tissues durmg the 4 hours lolhnn^ 
decerebration, the results ore as follows * (eiqienment 99), weight rabbit 
1 *46 kg, weight of liver 38 4 gm Qlyoogen disappeared from mnsclea 
0*21 per cent or ta Mo 1 *22 gm , glycogen disappeared from hver 0*68 per 
cent or »n toto 0 166 gm In all, about 1*366 gm glucose was thus set bee, 
an amount which is bi from bemg adequate to account fen the hj^erglyaMaatt 
observed m this animal 

* The mmoles In this expenment twitched when jnit in the lieesbtg mix to w. 
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In uo othei expenment of this aeries can more than 1 *6 gm of glucose be 
shown to have been get free by the decerebration It is quite dear from these 
results that the mciease m the percentage of blood sugar which follows deoere- 
biation in previously fasted animals cannot^ to any large extent, be attributed 
to mobdiaation of the glycogen present in the liver and muscles to start with 
On the other hand, in four expeximeiits (Nos 91, 96, 97 and 149) m which the 
hver and muscles were heavily loaded with glycogen, the sugar derived from 
these sources along with that absorbed from the alimentary canal was probably 
sufficient to account for the extra sugar and lactic acid in the blood. In three 
of them the hver was very rich m glyoogou and the muscles lost little of their 
stores of this matenal In two of the expenments ergotamme was mjeoted 
after the hypezglycmmia had developed, but it is considered unlikely that 
this can have been responsible for the stability of the muscle glycogen 
Fmally, it is noteworthy m connection with the controls that the muscle 
glsroogen percentage, which varied considerably to start with, underwent 
practically no change m four of them (Nos 136,113, 114 and 148), moreased 
m four (86, 86, 104 and 111), (three of these bemg agam m animals decere¬ 
brated throu^ the medulla) and decreased m four (137, 138, 132 and 147) 
It either remained unchanged or increased in amount m all but one of the seven 
oases of medullary decerebration 

In three of the “ controls ” (85, 104, HI), the glycogen increased m both 
hver and muscles In two of these the animals bad recently been feedmg, so 
that the extra carbohydrate was probably absorbed from the intestine In 
the xemaiDing one, however, the anunal was fasted, so that gluccmeogeneBu 
must have been oooumng The observation indicates that this process may 
become excessive in the absence of byperglycmmia Table III also shows the 
behaviour of lactic acid and glycogen m the two exceptional experiments m 
which hyperglycsemia developed after decerebration in the region of the tuber 
emerefum, and m one m which adrenalme was mjeoted The amounts of 
glycogen which disappeared from liver and muscles are probably sufficient to 
aeoeont for the extra sugar and lactic acid 


Nm~frote%n Nitrogen of the Blood. 

In those expeuments on fasted animals m which little, if any, decrease 
oooaxred in the glycogen stores as a result of decerebration, the posnbility has 
to be conaidexed that an excessive new formation of oarbohydeate was taking 
place to account for the hypex^cssnua. In the event that ptotem was the 
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material liinuiduiig this BagBr> its metabolism would become greater and it 
seemed possible that this might be revealed by measurement of the non*{ucotein 
mtrogcn of the blood, observations of the utmaiy excretion of nitrogen bemg 
impossible under the conditions of the experiment We g[ive the remits 
obtamed when the deoerebrations were m positionB 111 and IV 


Table IV —The Non-protem Nitrogen of the Blood following Deceiebratimi 
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The greatest mcrcase occurred m a fasted animal m which the hypetglyotemia 
was moderate m degree but, although this result is suggestive, it wiH be 
necessary, before drawing definite coudusionB, to repeat the observations on 
animalB from which the kidneys have been removed 
The Seapvratory Exohm^e —^This was measured after deoerebratum m order 
to see whether the consumption of oxygen would uMneose, as oftor the mjeetion 
of adienahne mto normal animals, or the respiratory quotient decrease, and so 
give evidence of a diminution in the relative amount of carbohydrate under* 
going oxidation In connection with the former possibility, it is wdl known 
tliat mjeotion of adienalim* is followed by an mcreose in the oxygen 
oonsumptiOD of the fastmg animal without there bemg any change m the 
lespuatoiy quotient (Con and Con, 1928, Boothby and Sandiford, 1923) 
Some iinceitamty arises in mteiptetmg the results (m account of the difficulty 
of obtainmg suitable controls. A normal rabbit under amytal a nw fft h«s ifr 
cannot be used for tbis purpose because its metabolism is depressed and when 
consciousness returns the animal becomes too restless to permit of reepuatory 
observations by the Douglas bag method Neither can an animal be used in 
which the level of dooetebration is anterior to the pons, beoauM of the 
hyporexcitabihty of the reflexes The most suitable oonttob would probably 
be famished by ammals m which deoerebratum was paformed through the 
medulla but, unfortunately, our expenmenta oo this preparation oametognef 
In order to overcome these difficulties, we have used as pontrob the results 
obtamed on the same ammal pnor to deoerebration 
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In all expexuneatSf therefore, two zespiratcoy observationB were made after 
the neoeasaiy prelmuDaiy operations had been •completed mider amytal 
aneesthesia. Approximately 1 honr elapsed between these observations, and 
at the end of this ponod dcoerebration was quickly performed It can be 
seen from the table of results (Table Y) that the oxygen consumption feU 
slightly dnrmg the interval prior to deoerebration, so that we will take the 
average of the two detorminations as our controls. One hour was allowed to 
elapse after decerebiation before agam measurmg the respiratory exchange 

Pronounced byperglycsBima developed in five out of the six experiments, 
and the averagi^ oxyg(*n consumption (Table VI) rose decidedly m two of the 
experiments (Nos 156 and 158), rose slightly m another, and m the remamder 
other rf'muiucd steady or fell a little The nse, when it occurred, was 
already evident in 1 hour after decerebratiou and became more marked m 
2 and 3 hours , subsequently the 02-consumption showed a tendency to fall 
The average respiratory quotient did not undergo any significant change, 
except m one of the experiments m which the U 2 -conBumption was unaffected 
by decerebration The results show, with one exception (No. 168) that 
decerebiation causes comparatively little alteration either in the consumption 
of Og or the respiratory quotient The stimulation of metabolism, when it 
occurred, may possibly have been due to an moreased internal secretion of 
adrenaline, but it does not seem likely that this would happen m some oases 
and not in others There is also no evidence to mdicate that the metabolism 
of carbohydrates became suppressed 

Wc arc, thcsiofore, at a loss to account for tht* exact source of the extra sugar 
responsible for causing the hyperglycsamia following pontme doceiebration in 
anunals m which, owmg to previous ftstmg, no absorption of glucose from the 
alimentary canal could have been occurring But it must be remembered that 
we have no means of telling exactly how much extra glucose is necessary to 
bring about the degree of hyperglycssmia which was observed In oonsidermg 
whether the glucose might have arisen from the breakdown of glycogen m tht 
liver and muscles, we have assumed the quantity neoessaiy for this pixtpoKo 
to be that which must be mjected mtravenously mto a normal rabbit in order 
to produce a comparable hyperglyciemia In such a case, however, it is 
oertain that some of the mjeoted glucose is deposited as glycogen and that some 
IB oxidised (specific dynamic action) Smcc neither of these piDoesses for 
disposing of excess of glucose may have been operatmg m the deoerebiated 
animab, the above oompansemB axe probably of little value, and it is possible 
that the degree of hypexglyciBmia which developed m them did not bear any 
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TaUe VI —^Average Conaumption of Oxygen and Avnmgi* R Q before and 
foUowuig Pontine Decerebrataon 
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quantitat^vf relationa^iip to tin (XTurrmg m tho total amount of 

glucose in the Ixidy. 

In this eozmection it seemed of interest to ascertam whether some difierenoe 
could be detected m the glycogon-furmuig powers of liver and muscles m ammals 
deoexeihrated at the pons and in those decerebrated at other levels We 
f^erefore studied the effect of injecting glucose This has also been done by 
l^fins, Tsai and Young (1931)« in decapitate cats without their finding that 
the iniection appreciably altered the rate of glycogen formation m the hver 
or caused glycogen to be formed m the muscles 

Table VII — The Effec t of Glucose Injections in Decerebrated Animals 
(The injections were given immediately after the first hour following decere- 

bration ) 
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In af the eagpennieiQts the decerebration was definitely through the pons, 
m anothec (No. 18S) xt was just at the antenor border woA ui the remainder it 
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was at otlwr levels hour after decerebzation a 30 per cent soiutiou of 

glucose was injected m sc*veral pUces under the skni It can be seen that the 
muscle glycogen scan*cly < hanged m amount in thow* auunais in which deoeie- 
bration was performed elsf'whero than through the pons, but became definitely 
reduced when it was at this level The sugar injection therefore failed to prevent 
the loss of glycogen from the muscles which usually follows pontme decere- 
braiion Tlicre is nothmg noteworthy concemmg the behaviour of the hver 
glycogen The only information which the results give ns is that the stunnliis 
causmg disappearance of glycogen from the muscles after pontme deoew*- 
biation 18 not mfluenced b> the tendency for the glycogen to become bmlt 
up agam, such as occurs when this has been reduced b\ muscular activity 
It IS usually believed that an excess of glucose m the blood stimulates the 
mtemal secretion of msului and it is known that, under these conditions, 
glycogen is formed in the muscles That this did not otcur m our ezpen- 
ments indicates that the stimulus to its breakdown was overpowering* 

The ulcrease in the percentage of sugar m the blood may depend merely on 
a readjustment of level without there bemg any measurable change either m 
the production or the loss of glucose It is known, for example, that a re¬ 
adjustment of blood sugar to a lower level may occur m riohly-fed rabbits 
when msulm is mjected, without any significant change either m respiiatoiy 
metabolism or m glycogen formation (ChaikoS and Macleod, 1927) and that a 
marked and sustained hyperglyceemia may be induced by repeated mjeotions 
of adrenabne mto rabbits havmg very little, if any, measurable glycogen in 
the liver and muscles (Markowitz, 1924) We are, therefore, inclined to regard 
piqure hyperglycesmia as bemg due not so much to an moieasod production or 
a decreased utilisation of glucose as to a breakdown of the mechanism by which 
these two processes are co-ordinated In the basal state, the blood sugar 
lemaans at a very constant level and it is only when theieaze very large demands 
for carixdlydrate by the muscles, as after sustamed severe exercise, that it 
shows a temporary fall This constancy must depend on a fine co-ordination 
between the produci)ion and utilisation of glucose m the organism, and it is 
this which may be mterfeied with by pqfire Whether this co-ordmation is 
effected throuj^ the mediation of hormones, remains to be investigated. It 
IS possible, for example, that the nerve control acts by causing an inczeased 
seoietion of adrenabne when the blood sugar tends to fall, or of wmilw when it 
tends to use, but there is as yet no unequivocal evidence m support of such an 
hypothesis It is with these questions that we will concern-uuxBelvBS in the 
thud part of this report 
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Swmwry 

(1) Oeoerebiation at the pons m rabbits, besides eausing hyperglycsemiu 
has the following effects (a) moieases the percentage of lactic acid in the blood ^ 
(h) decreases the percentage of glycogen in the liver when this is above about 
0 7 to start with, but usually increases it when below this level, (c) decreases 
the percentage of glycogen in the leg muscles 

{2) Tliese changes are usually insignificant when dcu^rebration is performed 
at other levels than the pons When deterebratiou is at the medulla oblongata 
the muscle glycogen usually increases m percentage 

(5) The degree of hyperglyccenua after deoerebiation bears no relationship 
to the izutial percentages of glycogen m the hver and the muscles 

(4) The total amount of sugar which can be calculated as arising from the 
changes m the percentages of glycogen in the hver and the muscles durmg the 
course of a deoerebration expcnniont m animals with low imtial percentages 
of glycogen falls far short of that necessary to mcluce, by intravenous injection 
of glucose^ into a normal rabbit, a degree of hypeiglyceemia comparable to 
that aotuaUy observed It in concluded that a process of gluconeogenesis 
must be responsible for most of the extra sugar which appears in tin blood 
after pontine decerebration 

In animals with high initial percentages of glycogen in the livei and the 
muscles, most of the extra sugar may come from this source 

(6) The percentage of nou-piotem nitrogen of the blood was not found to be 
significantly increased after poutmo decercbration 

(6) The respiratory quotient is not affected by deoerebration at the pons and 
the oonsumption of oxygen may either increase or decrease somewhat In one 
expenmeot the increase m oxygen oonsumption was pronounced 

(7) Injection of glucose solution into animals decerebrated at the pons has 
no elSect on the fall in the percentage of glycogen m the leg muscles, but may 
letazd the declme m that of the liver, or cause it to increase 
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Sfiuiies %n the Nervous Control oj Carbohydrate Metabohmi 
ITI -The Nature of th^ Me^hmmifn of the Nerve Control 

ByC Donhoffer, of the Medical Chmc, P^OH, Hungary, and J J R Maolkod, 
F H S Phytuological Laboratory, The University, Aberdeen 

(Received November 28, 1981 ) 

The two pret^eding sections have been devoted to a study of the centre which 
controls the level of sugarin the blood Its location m the brain and the changes 
in carbohydrate metabolism resulting from its stimulation have been examined. 
The present section will be devoted to conaadeiation of the results of certain 
experiments designed to throw light on the mechanism which is involved m 
this nerve control 

The problems to be considered are (1) the nerve pathway through which the 
centre discharges its impulses, and (2) the particular mechanism upon which 
these impulses primarily act Investigation of the first of these would be 
greatly simphfied if a definite answer coidd be given to the second, but, as we 
have seen, this is not possible, since functions of varying t 3 rpes located m 
different organs become involved Indeed, the widespread nature of the 
disturbances set up b} stimulation of the centre suggests the possibihty that 
they must be due to the action of some hormone, or hormones, whose secretion 
into the blood is regulated by the nerve stimulus If this be so the problem 
narrows itself down to finding the nerve pathway passing from the centre to 
the glands secreting the hormone Two glands, the adrenal and the isles of 
Langerbaus, have to be considered, and there is much evidence that the hor¬ 
mone which each secretes, adrenalme and insulm respectively, is under nerve 
control But the nerves concerned apparently belong, in the one instance to 
the sympathetic (adrenal) and in the other, to the paias3rmpathctic system 
(isles of Langerbans), so that the impulses resulting from piqfire might act 
through either pathway, through the spinal cord and splanchnic nerves to 
the adrenal gland so as to stimulate an increased secretion of adrenalme or 
through the vagus so as to inhibit the secretion of msuhn In its rapidity ci 
onset the hyperglycaemia which follows piqfire resembles much more closely 
that which follows the injection of adrenalme than that supervening upon 
panozeatectomy, so that most workers who have supported the hypotibaais 
that the nerve control acts through hormones have paid attention only to the 
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adrenal gland Our attention in the present paper will hist of all be given to 
the effects of poutme decerebration on adrenaleotonused animals 

Effect of AdrefialeUomy 

Adienalectomy was performed in two stages, the gland on the right side 
being removed a week or two before that on the left side Some time after 
the second operation, the animal was decerebrated at the pons There was 
considerable mortality, especially after the second operation, and only five 
animals were smtable for the decerebration experiments After adrenalectomy 
several were offered food nch m carbohydrates, but it is improbable that 
much was taken, unless in the animal of expenment 185 to which extract of 
adrenal cortex* was also given daily Two of the animals did not survive 
decerebration for more than 2 hours The results are given m Table I 

In all instances, unless otherwise noted, no traces of adrenal tissue could be 
detected on post-mortem examination and the decerebration was definitely 
through the pons The blood sugar percentage m the first four experiments 
was practically unaffected 2 hours after decerebration (No 108 being discounted 
smee the animal was dead when the blood was removed) Its mitial value 
was low m one of the animals, bemg at the normal level m the others The 
blood lactic acid m three experiments showed a tendency to increase, but it is 
likely that this was merely due to failmg circulation In the fifth expenment 
(No 185) decerebration was followed by a decided moroase in blood sugar 
This animal had been kept for 2 weeks after the second operation during 
which tune, perhaps because of daily mjeotions of cortical extract, it took 
Its food readily 

It will be observed that the glycogen of the liver dimmisbed m all the expen- 
ments, the loss bemg (.onsiderable m those m which fair percentages were 
present imtially In one of the experiments (No 101), the glycogen of the 
muscles did not dimmish, m two others the dumnution was relatively small 
<No8 108 and 170), but it was pronounced m the last experiment, m which 
there were large stores of this material to s^art with 

These results must be collated with those of previous mvestigatois, and since 
the latter have already been collected together and fully discussed by Stewart 
and Bogoff (1918), wo need only refer to them bnefly here Several (Mayer, 
1906, Kahn and Starkenstem, 1911, Biberfeld, 191S) may be dismissed at 

* We have to thank Dr* R. A Oiegbom for the extract, the ecUvity of which he had 
detenmned on adrenaleotomised oats 
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once, flunoe no deternunatione of blood eagar were made, the urme only being 
tested for the presence of sugar The great diminution ui the excretion of 
urina which fcdlows the operation of double adrenalectomy would in itself 
account for the absence of glycosuria in many of these expenments Freund 
and Matchand (1914) found a decided rise m the percentage of blood sugar m 
sf'ven out of fourteen rabbits in which piq&re was performed by Eokhard’s 
method after double adrenalei'tomy, wluch m most of the expenments was 
performed 4-6 hours previously Stewart and Kogoff cnticise these experi¬ 
ments on the score tliai the effects of the aueesthetic used dunng the adrena¬ 
lectomy operation may not have passed oS Jarisch (1914) concluded, as a 
result of experiments in which the adrenal gland was deuervated on the left 
Bide and removed on the right (five expenments), that piqhre, performed by 
£(kbard’s zm*thod, had no effect on the blood sugar level The results axe 
mdeciBive smee only one sample of blood a as (‘xammed foi its sugar content 
after piqfire, which was made under ether aiuesthesia In Stewart and RogoS’s 
own expenments piqure was performed by Eckhaid’s method under local 
anrssthesia They found that hvperglycffiima did not necessarily follow {uqdxc 
m normal animals, even when a fair amount ot glycogen was present in the 
liver It was pronounced in two rabbits adrenalectomised in two stages, 
but faded to develop in tliree others Their general conclusion is that ptq6re 
may cause decided hyperglyt^mia m rabbits whu^i have survived the removal 
of both adrenals Evans, Tsai and Young (1931) liave clearly shown that 
removal of the adrenals lias the effect of greatly dimimshmg the hypei^yceemia 
and m accelerating the rate of restoration of glyi ogen in the hver following 
dficerebration m cats 

Oonsidenng the previous observations along with our own, it seems clear 
that although h]rpergl 7 Ge&m]a may result from piq6n^ m adrenalectomised 
rabbits, it often fails to do so When made tlirough the floor of the veutnde 
some of the failures may have been due to non-mvolvemont of the pema, but 
this cannot explain them m the present expenments m which deceiehratioii 
was found on post-mortem examination to be definitely at this level Two 
other possible causes for the absence of hyporglyceemic efieot have to be con¬ 
sidered , (1) lack of glycogen is the liver and muscles, and (2) inteifexeuce with 
Hne conductivity m the efferent nerve pathway concerned m legulatmg the 
blood sugar level Since we have already shown that pontme deoerebxation 
causes hypetg^ycfBXDia when only traces of glycogen are present in the liver, 
and since, in two of the present expenments (Nos 101 and lOS) deoerebratum 
failed to cause hyperglyomma although the losses m liver (j^yoogen were 
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decided^ we do not consider that the presence or absence of this material is the 
main factor upon which hypeiglycfiemia depends It will be observed^ more¬ 
over, that the decreases in muscle glycogen were very much less pronounced 
following decerebration m the adreualectomised animals than m normal ones 
{ef Table II of second paper) When the glycogen stores m both liver and 
muscles were large, as in the last experunent of the table, the hyperglycsamio 
effect of dooercbration was present and much glycogenolysis oecuned in both 
liver and muscles, so that it is possible that the sugar thus derived along with 
that which was probably beuig absorbed from the alimeutar}’' canal, accounts 
for the result If this be the torrect interpn»t-ation, then w(» must conclude 
that the diabetogemc impulses set up by deeerebration may, after adrenalec¬ 
tomy, act on the glycogen of the liver and, to a less extent, on iKnt of the 
mnsclos By removal of the adrenals, the body appears to be depnved of 
something, probably adrenaline, which is necessary for nmmtaming at its 
normal pitch the excitability of the nerve mechanism by which the blood sugar 
level can be raised This same conclusion was arrived at by Macleod and 
Pearce (1912), as a result of expenments concemmg the influence of adrenalec¬ 
tomy on the hyperglyca^mic effects of stimulation of the splanchnic and hepatic 
nerves They considered that the presence of the adrenal is necessary to main- 
tain the functional integrity of the penpheral endings of the glycogenolytic 
nerve fibres The results of the present mvcBtigation would w^ern to rihow 
that this applies also to the muscle glycogen 

The EffeU of Vagoloniy and Atropvne 

It lias aln^ady been suggested tlmt there are two types of mechanism 
by which excess of sugar is discharged from the liver mto the systemic blood 
following deeerebration When, as m an ammal nohly fed with carbohydrate, 
large amounts of glycogen are being stored away in the liver, much of the extra 
sugar comes from this source and the nerve impulses which set up the glyco- 
genolysiB act independently of the presence of the adrenal glands When, as 
m a previously fasted ammal, the glycogen disappearing from the liver repre¬ 
sents only a small proportion of the extra sugar produced by deeerebration. 
the nerve impulses cannot act unless these glands arc present This gluco¬ 
neogenic glycogen, as we may call it, represents only what remains over in an 
ever-changing process m which it is being built up out of non-carbohydrate 
material and broken dovrn into glucose, and this process may be imder a different 
type of nerve control from that of the stored glycogen Umoe, for various 
reasons, it has been assumed that the stored (^ycogen m the liver is under 
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Bympathetjc nerve control, we were led to examine whether daoerebratioB 
hypeiglycfenua would occur after blocking the parasympathetic nerve pathway, 
by section of the vagi and administration of atropine It was found that 
under these circumstances decerebration had very little, if any, effect on the 
blood sugar level, provided there was not a very large percentage of glycogen 
in the hver The procedure followed m performing decerebration, under 
temporary atnytal ansBathesia, was exactly as previously desenbed, and m all 
iDstanoes post-mortem examination showed that decerebration was through 
the pons The results are shown in Table II 

After section of the vagi alone* (Nos 165 and 167) decerebration did not 
cause the usual mcrease m blood sugar, and when atropine was also injected 
(Nos 168-176) this absence of hj^rglycssnuc effect was, os a rule, still more 
stnkmg Only in one experiment (No 172) did the blood sugar rise* above 
0 200 per cent. This was the only experiment of this series in which the liver 
glycogen was determmed and, findmg it to bo unusually high for a fasted animal, 
the question arose whether the presence or absence of hypeiglyocemia might 
depend on the magmtude of the glycogen stores In the next senes of expen- 
ments (Nos 176-180 inclusive), thert*fore, some of the animals were specialty 
fed with readily assimilable carbohydrate food imxturt* (ground maize and 
sugar) up to the time of the expenment while others were fasted, and the 
glycogen m liver and muscles was determined in all of them The results 
show that when there ere large stores of glycogen (Nos 177 and 178), atropine 
and vagotomy do not prevent the development of the hyperglycmnua or 
protect the glycogen of the liver against rapid disappearance When the 
glycogen stores are small they may or may not beexime reduced (Nos 179 and 
180) It IS possible that the breakdown of glycogen m the muscles is less 
marked than when no atropine is given (compare with Table I m Section II), 
but of this we are uucertam 

Smoe, as wo have already seen, decerebration usually fails to cause hyper- 
glyc«Binia in anmudB kept contmuously anessthetised by amytal (p 127), the 
fomgoing results with atropme suggested the possibiUty that the two drugs 
act m the same manner This is supported by the observations of Olmsted 
and Qinagosswitz (1981) which show that a slight nse m blood sugar oecnis 
after amytal lu dogs fed on a diet noh m carbohydrate The effects of amytal 
in abohshing the inhibitory effect of the vagus on the heart beat (Lieb, 1929 ; 
Shafer, Underwood and Gaynor, 1930, Garry, 1930) and m stopping the 
penstaitic movements of the gastro-mtestmal tract (Weiss, 1929) mdicate a 
paralysis of parasympathetic nerve supply of these functions also, and the 



Table II —Behaviour of Blood Sugar and GU cogen Percentages following Pontme Deeerebration m Vagotomified and 
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question anses whether it acts similarly on the nerve supply of g^nds The 
answer would appear to be m the affirmative Thus, m two ezpenments, 
which we performed along with Dr Magets the chorda tympam nerve to the 
aubmaxiUary gland of the etherised dog was stimulated, before and after 
injecting amytal mtravenously, and it was found that the resulting Hecretion 
of sahva was very greatly diminished for some tune after the injections We 
conclude, therefore, that both atropme and amytal institute a block in the 
parasYinpathctic nerve supply of the gluconeogenic function of the hver The 
centre for this supply must be situated in the pons and become stimulated by 
decerebration and piqfire at this level Since adrenalectomy also prevents 
the development of hypc-rglycesmia following decerebration, the presence of 
adrenaline m the blood would appear to be essential for maintaining the 
functional integrity of the parasympathetic nerve control of gluconeogenesis 
We do not know whether the parasympathetic nerve control of other glands, 
such as the submaxiUary, is affected hy adrenalectomy 

There remains to consider the naturf' of the nerve contn>l of the mechanism 
of storage of hver glycogen As we have seen, when stored glycogen is abundant 
neither atropme nor adrenalectomy (nor probably amytal) prevents deoere- 
bration hyperglyceeima, and this raises the question whether the nerve pathway 
involved in its production may be the sympathetic To answer it, we have 
studied the effect of decerebration after section of the hepatic nerves and after 
mjectmg ergotamine Although the results have not been satisfactory, they 
ment some reference hen* Ergotamme was mjected m experiments 91, 93 
and 95 (Table V of Section I) The hyperglycesmia was already well estab¬ 
lished when the mjections were made and no effect was observed m two of the 
expenments, although the hyperglycflemia b<»came leas marked in the third 
The use of this drug was then abandoned, partly because of the great difficulty 
in collecting blood from the ear veins after its use and jiartly because the pulse 
became very feeble, mdioatmg failmg circulation We have more recently 
rt'peaf'Cd these experiments with the difference that the ergotamme was injected 
immediately after decerebration, the rabbits liavmg been either specially 
fed with maise and sugar, or fasted for 48 hours The results are shown m 
Table m 

It 18 clear that ergotamme does not prevent the hyporglyciemia or dimmish 
the rate of disappearance of glycogen from the hver following decerehration 
m rabbits with large stores of glycogen, although it may slightly retard the 
rate of disappearanoe of glycc^^ from the musdes. On the other hand, it 
prevents the development of hypetglyosBima m fasted rabbits with little glycogen. 
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These results are, therefore, like those obtained after atropine, and when b<^ 
drags are given together in a glycogeu-nch rabbit (as m No. 186) the blockage 
of the nerve pathway would appear to be more oomplete than with either 
separately. 

The hepatic plexus of nerves was cut in four experiments (Table IV) This 
was done by oarefuUy seporatmg the portal vem from the adjoinmg tissues, 
including the hepatic artenes and bile duct, and cutting them between liga¬ 
tures This IB a difficult operation m the rabbit and we are uncertain wheth^ 
we mvanably succeeded m cutting every branch of the plemis The isolated 
portal vem was usually sponged with 10 per cent carbolic acid solution to 
destroy any nerve fibres on its wall Experiments 110 and 121 served as 
controls, the nerves bemg cut without performing decerebration In No 112 
decezebration was performed immediately after the nerves had been out. 
In Nos 115 and 123 the decerebration was performed m I hour and m 2 hours 
respectively after cuttmg the nerves 


Table IV —The Effect of >S<»ctiou of the Hepatic Nerves on Ilecerebration 
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Smee the operation m itsoU iiBually taiued hypeiglyoenua, probably becaose 
of duturbanoes m the portal omsulation, the mveatigationa vrete not pursued 
further The reHults, so far as they go, udioate that deoerebration hypep* 
glyonmia still occurs after section of the hepatic nerves We have not as yet 
attempted the obvious experiment of performing decerebration after section 
of the splanchmc nerves In order to avoid disturbance of the abdominal 
visoeia at the tune of the decerebration experiment, it would be necessary to 
perform the splanohnotomy several days ptevioasly and thie we have not as 
yet found time to do 

It is interesting to compare these results with those obtsmed by others who 
have studied the eSeots of atropine and ergotamine on oarbohydiate meta> 
holism. MoQuigon (1916) states that atropme has no infiaenoe on the hyper- 



168 C. Donhoffier and J J. E Macleod 

glyoasima due to ether or to stimulation of the oceliao plexus Allard (1826) 
observed on man that 1 mg atropine entirely prevented the h 3 rper§^OMEua 
whioh oocuTS when glucose is given by the mouth, and suggests tliat tios is 
because it inhibitH hepatic glycogenolysis Poliak (1928), using rabbits, 
found that the ofiEect of atropine or of ergotamme on alimentary hyperglycasnua, 
although irregular was often to suppress it and this result was always obtamed 
when the two drugs were given together The hyperglycasmia caused by sub¬ 
cutaneous or intnivenotts injection of sugar, on the other hand, was not influenced 
by the drugs, either separately or combined Since the inhibition of alimentary 
byperglycsamia occurred in fasted annuals, in which it is as8um('d that there 
IS no glycogen m the liver, Poliak considers that it cannot be due to suppression 
of glycogenolysis, but is probably dependent on an effect on the rate at which 
the liver xemoven sugar from the portal blood This interpretation recerves 
support m the fact that the above drugs also suppress the abmentarv hy|>er- 
glyccemia following ingestion of fru(d;ose or galactose* 

Tlie fact that atropuie and ergotamme inhibit alim(*ntary hyperglycienua 
and have a like action on docerebration hyperglycemia m fasted rabbits may, 
we think, be due to their blocking the nerve pathway through whicli either 
decereliration or alimentary absorption of sugar onhuanh produces it 
This explanation presupposes that gluconeogenesis is, in part at least, under 
nerve control and also that the centre concerned is reflex! y stimulated during 
the intestinal absorption of sugar When sugar is being absorbed it would 
appear to stimulate sugar secretion by the liver at the same time that most of it 
IS being deposited as glycogen Evans, Tsai and Young (1981) also consider 
tills possibility but from a somewhat different pomt of view Revertii^ to 
Claude Bernard’s comments on the same subject, they conclude that when 
glucose IS administered, especially by the portal vem, the laying down of 
glyoogen which occurs **may be due to retoution of new-formed glycogen, 
which would otherwise have been converted mto blood sugar, just as much aa 
to a direct deposition of j^ueose from the blood stream as glycogen ” 

Space will not permit of a full discussion of all the implications of the above 
hypothesis We may, however, refer to the effects of sub-convulsive doses of 
insulin on rats and of panoreateotomy on dogs After fastmg, the immediate 
effect of msulm is to cause a decrease m liver glycogen and during the 
ingestion of carbohydrate to retard its accumulation (Barbour, Giaikoff, 
Maoleod and Qrr, 1927) After pancreatectomy i^yoogeu almost disi^fieais 
Isom tbe liver and does not aooumulate when sugar is fed All this fits the 
hypothesis, originally {oopounded by Laufberger, that one of the pxino^ 
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effects of msulm is to inhibit the xate of gtuooneo^genesis m the hver In its 
absence, as after pancreatectomy, gluooneogenesu becomes maximal and nhen 
it IS so, ^ycogen is apparently not so readily deposited fnnn absorbed {^uoose, 
give insulin, gluconeogenesis stops and the process of glycogen formation sets 
m agam When insulin is present in excess, as after its injection m sub- 
convulsive doses, It inhibits gluconeogenesis so that the demands of the 
organism for carbohydrate have to lx‘ met, either by drafting whatever glycogen 
remains over m the liver as a product of the preceding gluconeogenesis (m 
fasted animals) or by using some of the absorbed sugar (m fed animals). 
Insulm therefore acts on gluconeogenesis m the opposite sense from the nerve 
stimulus which is set up m exaggerated form by deoembration and m leaser 
degree by absorption of sugar from the alimentary canal, and it is sigiuficaat 
that insulin prevents the rise of Idood sugar following piqure (Banting, Best, 
Oolhp, Macleod and Noble, 1922) and likewise reduces or may prevent the 
liypcrglycaimia following decerebration, as we have shown These considcra- 
tmns might at first sight lead one to mfei that insulm really acts like atropme, 
in that it paralyses the gluconeogenic nerve impulses, but its action must be 
more directly on the gluconeogenic process itself, otherwise atxopme or vago¬ 
tomy would reduce the hyperglycenua m pan<.reatio diabetes vduch, as far as 
we know, is not the case We do not mean to imply that insuhn does not dso 
mfluenoo the process of glycogen formation m the musoleB, but this is not within 
our present discussion 

It may seem difficult to harmonise these ocnolnsuau with the apparentiy 
established fact that the vagus contams msnhn-secretory fibres to the pancreas, 
but it must be remembered that the fall in the blood sugar pocentage which 
foOoWB stimulation of this nerve has usually been demonstrated eitliet on 
anytabsed animals or on those from which the adrenal glands have been 
removed or tbe bejiatic nerves cut We have seen that deoerebcation does not 
cause hypor^jrcsemia under such conditions, at least when only modecste 
amounts of glycogen are present m the bver 

To sum up, deoerebration hyperglyosemia does not ooonr m xabbiU bavwg 
small amounts of glycogen in the hver after the foUowmg (1) atropme, (2) 
ergotamme, (3) amytsl, (4) msulm, (6) adrenalectomy Under tbe 
combtums, duaentary hyperglyonmia is also supioessed by atropme, eigo- 
tamine imd msubn Atrojane, ergotamme and amytal piobal^ aot by 
blocking the nerve jsithway through which the deoembratioa stuaulni acts on 
tbe giaoMw^geoic process, msulm by directly inbHutmg thu pnweas and 
adnoahne, when m the small oonoentration presort in normal blood, by 
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mHUitaming the functional conductivity of the uorvoua pathway and} wh^ 
])reBent in excess, by stimulating the gluconeogenic process directly We do 
not yet possess sufficient infonuation to indicate what relationship the prooess 
of glycogen deposition bears to that of gluconeogenesis When the latter is 
sappressed, which is presumably the case when glycogen is being rapidly 
formed, as a result of the absorption of carbohydrates, deceiebiatiou hyper- 
glyotemia does not oc(*ur after atropme, ergotamme or amytal, but probably 
does so after insului This would lead us to infer that the impulses set 
up by decctebratioD ui aninwls m which the hver is overloaded with glycogen 
act through some other nerve pathway—^it may be indirectly through some 
ductless gland—than that controlling gluconeogenesis When we found that 
the latter unpulses were blocked by vagotomy and by atropme, the possibility 
suggested itself that they might be transmitted exclusively by the para¬ 
sympathetic, reserving for the sympathetic the glycogenolytic impulses acting 
on stored glycogen The results with ergotamme and following adrenalectomy, 
when very large amounts of glycogen are present in the liver, do not support 
such a view It is, of course, possible that under these conditions vascular 
disturbance is in itself sufficient to set up glycogenolysis and that decere- 
faiation causes this disturbance Several mvestigators have noted that the 
liver IS very much congested after piqhre, and it is well known that deoere- 
bration is frequently followed by hyperpyrexia The mcreaeed flow of blood 
at a temperature above the normal may have the effect of causing the stored 
glycogen of the liver to break down rapidly into glucose 

Smmary 

(1) In rabbits m which there are small amounts of glycogen m the liver and 
musdes decerebration at the pons does not cause hyperglycoemia under the 
foUowmg conditions (a) double adrenalectomy, (6) atropme and section of 
both vagus nerves, (c) ergotamme and section of both vagus nerves, (d) amytal. 

(2) In rabbits m which there are larger amounts of glycogen in the bver and 
muscles, as a result of recent feedmg with carbohydrates, deoerebration at the 
puns docs cause hyperglycsenua, under the above conditions, but it is usually 
not so pronoimcod 

(3) The influence of section of the hepatic nerves on deceiebration hyper- 
^yccemia is uncertain, smce this operation in itself la usually followed in the 
rabbit by an increase m the percentage of blood sugar. 

It IB oonmdcted that when there is httle glycogen m the liver deoerebre- 
tion hyperglycflemia is due to stimulation of the gluconeogento process m the 
liver by way of the jiaiusympathetic nerves 
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The Ihfferenttal Actton of X-Raye tn Bdaiion to Twme 
Grotuth and Viialtty * Part VI — Tumour Tissuet, 

By Wabotobd Moppbtt, MD 
(From tht Biophysical lA>>oratory, the University of Sydney ) 
(Communicated by J T Wilson, F R S “-Received Novembei 24, 1931 ) 

* [Platf 3] 

This paper on tumour tissues is an extension of previous work on the reaction 
of the allantoic membrane to homogeneous X-radiatiou (1930, 1931), and the 
relation of such results to mixed radiation and to tissues generally 
It 18 also an extension of work on the treatment of tumours with mixed 
radiation, of which Russ (1921) was a pioneer 
The present work corresponds m particular with the %n mvo expenments of 
Russ, but the various results appear more definite or clear out, and it 10 hoped 
that homogeneous radiation wiU furnish an instrument of greater precision 
Particular emphasis has been laid on the subject of immunity mamly from 
the inspiration of Lumsden’s serological work (1926) 

Physical Arrangements, 

Previous work (1931) has indicated that homogeneous radiation of a frequency 
range not exceeding 20 per cent, might produce efiects with a small fraction of 
the dose required for mixed radiation, and an intermediate dose might be 
required for intermediate types of radiation 
Three sources of eneigy were used, a ** lathe bed ” spectrometer, and a 
multiple spectrometer, and a source of homogeneous K radiations (Moppett 
1930), representing graduated steps connecting mixed and homogeneous 
radiation 

With the lathe spectrometer A the frequency range was approximately 
8 per cent, the mean wave-length 0 63 A U , and the exposure 3 hours at 
16 ma , Bimilar to that used for mouse akin, and 16 times the threahold hyper* 
trophic dose for allantoic membrane, or approximately 9 R. 

* Thu work wm earned out under the control of the Oanoer Researdi Oonunittee of 
the University of Sydney with the aid of the Cancer Reeearoh and IVeatment INmd. 
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With the inaltiple apeotrometer B the frequency range was approximately 
20 per cent, the mean wave-length 0 53 A U., the exposure 2 hours, and the 
incident energy 50 R by a rough photographic comparison 
Homogeneous K radiations appeared to furnish the only means of treating 
a large mass of tissue on the above Imes It was thought that a wave-length 
of 0 5 A U. (approximately) would be unsmtable as the energy and homo¬ 
geneity IS c<msiderably reduced even by 1 cm of tissue The next peak of 
effect m the allantoic membrane 0 3 (1930) presented difficulties m the 
choice of target element and uranium was adopted because the K lines 
(0 10842-0 13095 A U) cover the ngion of the first peak 
The radiation emerged in the direction of the cathode ra]rs, an arrangement 
which brings the peak of the energy curve nearest to the quantum limit and 
filtration was provided by the target substamu* together with I mm of copper 
and a water space 1 cm wide to remove residual soft radiation 
A spectrogram is reproduced in fig 1, Plate 5, with wave-length scale and 
a density tracing taken with a Moll microphotometer 
It IS not possible to treat the question of homogeneity m the previous manner 
smcc there are a senes of mtexiHe Imes (two only can be distingmshed owing to 
scattering) with an unavoidable fnnge of hard and soft radiation 
If one chooses an arbitrary frequency band of intensity $ to mclude most of 
the Imes, and c represents the uitegrated intensity of all other frequencies, 
the ratio 8/8 + c would express the homogeneity m accord with previous 
work with crystal diffraction (1931) 

Vanous doses were given m terms of time of exposure and mvestigation with 
a standardised Solomon lonometer showed that 1 R equals 1 milbamp minute 
withm the limit of experimental error 

Budogtcal MateruU 

The tumour tissue was a stram of a mouse sarcoma (887 of the Imperial 
Cancer Research Fund), kindly lent to me by Dr Homing Composed 
ongmally of round cells, there has been a tendency to polymorphism with 
later passages, fig 2, Plate 5 With weekly mooulation the tumour was 
raised to a high virulence which has remained constant for over 2 yean. White 
mice were used for convenience in numbering, and of a senes of 537 there have 
been only rare immune individuals (failure to take) and four cases of spontaneous 
retrogression giving a probability of 1/134 
The tumour was implanted in two places under the skm oi the back m the 
cervical and lumbar Tegions and the anterior growth oidy was irradiated. 


ox.—B. 
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UBvally BIX were moculated of whiob 1 served to perpetuate the strain, 

2 were controls, and 3 were available for expenment The irradiated animal 
(and some of the controls) were fixed to a wooden frame by two stxtohes so 
that the tumour and an inevitable fringe of normal tissues were irradiated 
through a port of 1 sq. cm 

Irradiation took place 1 week after moculation, when the tumours were on 
an average 0 3 cm in diameter and observations were made at weekly intervals 
thereafter, death usually taking place about the end of the fourth week 

Expertmenlal Results 

The results with the lathe bed spectrometer are recorded m Table I, A. 
Twelve experiments were earned out together with 12 controls, and, except 
in the case of one advanced tumour, the action of the X-radiation could be 
readily recognised by comparison with the untreated tumour and also the 
tumours in the control animal 

A few days after irradiation, a dark red area of skm was observed which 
suggested a subjacent heemoirhage Later this region became distinctly 
hard to the touch and m contrast with the contmued growth of the penphexal 
regions it presented a depression Microscopically such a tumour showed a 
mass of deeply staining debns where the tumour permeated the skm corre¬ 
sponding to the above-mentioned area Deeper in the tumour the loss of 
nuclear stum showed the presences of large areas of degeneration, but such 
appearances arc not uncommon m untreated tumours and, on the whole, the 
naked eye examinations were more convmcing When observation was 
contmued for a fortmght, it was observed in tune cases that the penphecal 
parts of the irradiated tumour showed more rapid growth than the coire- 
spondmg tumour which had not been irradiated The three remammg animals 
died before observation was complete, but m all the above instances wliat may 
be described as unsucc^essfol treatment lead to stimulation 

Observation of all four tumours m the irradiated and control mice was 
possible up to the third week m seven instances. In five such cases not only 
was the irradiated tumour stimulated, but the non-irradiated tumour began to 
grow more rapidly than those of the control animal In two cases the rate of 
growth was about equal, but from the ratio 6/7 one may state tentatively that 
the unsuccessful treatment caused not only a local stimulation, but possibly as a 
secondary cfiect a ** systemic stimulation ” or condition of negative immunity. 

Senes B, Table I, compnsed 20 experiments of which 5 were lost m an epi¬ 
demic Of the remainder 6 were oontrols and 6 showed stimulation first of 
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the inadiated tuinour and later of the non-uradiated tumour aa desonbed 
abov(‘ In 4 oases the tumours exhibited the early reactions described and 
later became hardened and towards the middle of the third week both the 
irradiated and non-irradiated tumour broke down quite suddenly, leaving an 
open abscess m which no further tumour growth was observed d unn g the life 
of the animal 

From these results it was assumed that one had just attained the threshold 
dose for producing the Lumsden’s antigen stage,” there being an approzi- 
mately equal number of experiments, showing stimulation and negative 
immunity and cure and immunity 

The E radiations provided great elasticity m dosage and the results will be 
dealt with m groups which are separated by honsontal hues m the Table I, C 

A small dose (40 to 80 B) produced a stimulation comparable m every 
way with that of Senes A and B 

A sbghtly larger dose (100) appeared to load to a balance of different factors 
and the ultimate growth was little affected When the dose is inoieasod to 
120 there is a very deffmte retardmg action, and m 4 cases out of 30 both 
tumoun disappeared The ratio of cures was low, but the tuinour was very 
virulent, slightly more so than during the early experiments in Senes The 
ulceration recorded m the tables took place m both irradiated (cervical) and 
non-UTadiated (lumbar) tumours, and was undoubtedly connected with the 
curative process (rather than casual infection) hut several animals with retro- 
gWBsmg tumours died apparently of toxasnua before a cure could be recorded. 

A section of retrogressing tumour shows a massive central degeneration 
merging into the open ulceration, but there is also a penpheral fibrous reaction 
and round-cell infiltration recalling the penpheral reaction observed by 
Lumsden 

The non-inadiated retrogressing tumour shows similar changes with rather 
less central degeneration and an example is given in fig 3, Plate 6, which may 
be compared with the normal tumour, fig 2, Plate 6, mvading a conespemding 
r^ion of the subcutaneous tissues 

The next senes with a larger dose (160+) were of interest because the 
“ overdose ” showed no curative properties, indeed, there was a su^icion of 
stimulation although ulceration was profound in both tumouis 

Lnmsden has shown the importance of retaining autolytic tumour products 
m producing a cure and in Senes Cx, an attempt was made to protect the skm 
from the destructive action of the hard rays by means of a pnor dose of sdt 
mixed rays on the lines of previous work with the allantoic membrane (1961). 
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Theie was no oloeration, but, unfortimatdy, the tumoor growth WM unaffected, 
joobably beoaneo the 8<^ radiation penetrated sufficiently to mter&ite with 
the subsequent reaction of the tumour mass to hard radiatkm The possibility 
of further work on these Imes was mvestigated by means of normal rat skm. 


Awtagomm of Bays tn Bat Skm. 

The skm covermg the buck of a white rat was immobilised beneath a wooden 
frame by means of four stitches A small “ T ’’-shaped area was then exposed 
to unfiltered mixed rays from a Universal Coohdge tube running at 26 KV., 
and immediately after the whole back was exposed to homogeneons K rays (C) 
according to the doses given lu Table II 


Table n 




Result 

Prior done mixed raye 

Dose K rays uranium 



3 ma »: 4 R approx 

1 ma c 1 R appmx 

Central ** T ” 

POiipbery 

ma 

ma 



3 

120 



3 

30(» 

Vuiible 3 days 

S 

3 

300 

Visible 2 weeki 

K 

5 

840 

Visible 2 weeks 

B 

fi 

240 

Visible 5 days 

E 

5 

300 

Visible 4 days 

B 

0 

300 

— 

UnifomK 

8 

270 

Visible 2 days 

B 

6 

JOO 

— 

Uxdform B 

8 

19 

300 

1 150 

Visible 7 days 
Krytbematous T only 

B 

19 

240 


Unifdm B 


Reliability of ooncliuion^ 7/9 


Complete epilation was not produced and the hair was removed with sodium 
sulphide a few days after irradiation to permit one to observe the early 
erythematous changes 

In acoocdanoe with the table, m 7 cases out of 9 (excluding obvious errofs of 
dose) there was a defimte protective aoti<m shown by an absence of er3rthema 
over the T-ehaped area although more energy was received The effect was 
vtttble for periods varying from 2 days to several wedcs, but, unfortunately, the 
slii^t yellowish tmge of the unaltered skm prevented a sucoessful ^otognqduo 
n^presantation. At a late stage dasquamatian and ragrowth of hair mdre tihte 
outhnes aotnewhat indistmct, but a comparison with theouffine ol the made 
showed a <doae ecanespondenoa with the thicker hair m the ” protected ” skm 
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Chmad Ewpmmanto. 

Id the absence of a supply of spontaneons animal tomoun some expenmstati 
wete made with the E radiations on olimoal material The natriotions of a 
plgmioal laboratory only permitted the treatment of five epithebomata of tiie 
dorsum of the hand, acoordmg to the details given m Thble III 


Table m 


Tumour 


1 Squamous ^theboma 

{dorsum, hand) 

2 Hard waxty growth 

(dorsum hand, no 
tnopsy) 

3 SquamouH epitlioUoma 

(dorsum, hand) 

4, Squamous epithehoma | 
(dorsum, hand) 


Tzoatment 


130 A, 180 R 
100 H 


Hoflult 


Reduced 1/10 onginal 
* volume 

Reduced 1 /3 onginal 
volume 


6 Squamous epithehoma 
(dorsum, bond) 


40 Xt, 80 R. 180 B, 
160 R, 180 K 

120 R, 120 A, 180 li. 
180 B, 160 R, 180 B, 
210 R 


180 R, 180 R, 180 R, 
210 K 


Good rcHpotwe at hrst, 
finally tocame radio- 
resis^t 

Rapid response at first, 
but inaooesajhle por¬ 
tion continued to 
grow apud Anally be 
came radio resistant 
Rapid response to each > Soar with 
troatment i nodules 


Second hiopny 


Fibrosis 


FlllMRIft 


Moderate round 
oell jnfiitration 


a few 


In assessing the results it must be remembered that such growthe are very 
ladio-resistant and the dosage at any one sitting was restricted to about 
one-quaxter of the estimated erythema dose (for usual radiotherapy joaotioe), 
because of the difficulty of running a demountable tube on heavy load 

Repeated doses were given, but only at intmrals of about 1 mcmth, smoe 
severe erythematous reactions wete obtamed on the surtoundmg akin. The 
practioe proved bad because the tumours mioeased m radio-resistanoe. 

In every case some result was obtained, particularly after the first few doses, 
and a check was made on initial and final biopsies m all but one patmt. 

Nos 1 and 8 exhibited initially typieal squamous epitiidiomata, whilst m 
the final examination there was a dense fibrosis, apparently with healthy 
malignant cell groups in parts and residual neorotio masses m other parts 
In No 4 the second biopsy showed every evidenoe of increased malignani^, 
possibly a case of stimulation and the stroma was looser with many round oeDs 
and capillary blood vessels. 

No 5, the best dimoal result, exhibited a soar with no trace of tumour odls, 
exc^ m a few nodules where the epithelial ishuids wete reduced to thb dieUi 
by excessive kaiatuuaation. Here there wasa moderate rouad-oeB lafiltiiBtum, 
but no fibrosis and the general picture suggested a oessatioa of aotive gMerdi. 
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C<mchmon8n 

The cbangea produced by means of the lathe speotrometer A and the multiple 
spectrometer B servo to Imk up a tumour tissue with antagonism and seleotive 
action as a dual phenomenon m the manner already described for normal 
tissues 

Viewed from the more piaotioal standpomt of treatment, there are three 
well-marked stages, that of under dose and stimulation, that of retardation 
and cure, and that of overdose 

Stimulation merely implies rapid growth relative to a oontToi and the 
phenomena may well be a secondary stimulation to an madequate mjuiy (for 
which there is microscopic evidence) as opposed to the pnmaiy stimulation 
inferred m the case of the alliuitoic membrane (1930) 

The systemic phenomena of positive or negative mmmnity have a counter¬ 
part m Lumsden’s serological work and possibly in radiotherapy. The 
advisability of an adequate trial of K radiations is mdicated apart from the 
obvious advantage of a constant wave-length in energy measurement 
The demonstration of ** prior action ” m the rat similar to that of the allantoio 
membrane (1931) would be of groat thoorc^tical and practical importance, but 
in a complex tissue one must (.onsider some other factor, such as vascular spasm, 
at least as a remote possibility 

I wish to thank Drs Chapman and Sandes, Directors of Cancer Beseatoh 
and Treatment, and Dr Kenny for their mteiest in different aspects of this 
work 

DESCRIPTION OF PLATES 
Fhkxm 5 

Fio, 1 '—The separation of the uranium lines shows only in the density graph. The 
broad point lines in the photograph are due to tungsten spluttered from tiie cathode 
alter long use 

Fio 2 —iSarooma cells (normal) mvading subcutaneous tissues. 

Fio. 3—Malgin of retrogressing tumour showing damaged sarcoma oells (beW) and 
tissue reaction (above) 
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The Rdation between, the Antenor PUwUary Body and the Oonads. 
Part IV —Induction of Ovulahon during Pregnancy and Us 
Effect on the Fcetuses. 

By Mabqabbt Hilt. (Keddey Fletcher Waxr Student), uid A S Fabkkb 
(Foulerton Student of the Koyal Society) 

(Communicated by C Lovatt Bvans, F R S.—^Received December 4,1931) 
(From the Department of Physiology, Umvemty Ddlege, I«odon) 

I Introductum 

There is considerable difference of opinion as to the procisi' effects produced 
by the administration of the ovary-stunnlating hormones dunng pregnancy. 
Such discrepancy is not surprising when one considers that, accorduig to the 
method of preparation and administration, extracts of anterior pitmtary 
tissue call forth varying ovanan re^ionses m test animals Further, 
considering the orudoness of many of the extracts used, there is always the 
possibility of direct action on the uterme musculature or of effects due to 
toxioity 

Several workers have mvestigated the effect of antenor pituitary implants 
on the pregnant mouse and rat Engle and Hetmod (1928) gave daily trans¬ 
plantations of fresh antenor lobe to a large number of mice and rats m eariy, 
middle and late pregnancy Implants m the middle of gestation caused re- 
absorption or expulsion of the foetuses, but in latter stages of pregnancy tiie 
foetuses often seemed to be unaffected uid normal litters were obtained 
These authors consider, however, that the hormone m sufficiently large amounts 
would always cause abortion Bngle and Metmod emphasise that ovulation 
only occurred when pregnancy had terminated, either after abortion or when 
the foetuses were dead. 

Zondek and Aschheim, on the other hand, found implantation of fresh antenor 
pituitary (0 06-0*1 gm) ptoduoed ovulatioa, while the foetases 
alive m the uterus, smaUer amounts were without effect, but larger am o unts 
caused abortion The difference between the resdts of &mth and En^, 
and those of Zondek and Asohheun may be due to the fact that the latter 
only used one implant, whereas the fnmer gave daily implmiy a«>d 

Asohheim observed that though they obtained ovulation, the owtrin p mduc*d 
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was not enough to affect the vagina, Fels (1928) obtained sumlar resutts to 
Zondek and Aacfalieim (1928) 

ReoeEutly, it was reported (HUl and Parkes, 1931) that ovulation could be 
induced with ease m both normal and hypophyseotomiBed (by deoerebration) 
pregnant rabbits^ and m view of the contradictory nature of other workers’ 
results on the rat and mouse, it seemed that our acute experiments on pregnant 
rabbits should be followed by others designed to study the effect of induced 
ovulation on the fcetuses, especially m view of the reports that excessive 
luteuusation of the ovanes leads to disturbance of the parturition mechanism 
(Teel, 1926 , Evans and Simpson, 1929) 

As the experiments descnbed m the present paper were being completed, 
Wolfe (1931) published an account of somewhat similar work This author 
induced ovulation m 10 pregnant rabbits, 7 were killed withm 30 hours of 
injection, and the remaining 3 at 10, li and 13 days after mjection No 
disturbance of the fcetuses or plarentsc was observed in any of the animals, 
Even more recently, Snyder and Wislooki (1931) have reported that ovulation 
can be induced, but that the fentuses are often, though not necessarily, dis* 
turbed They have also (Wislocki and Snyder, 1931) obtained fertilisation of a 
second set of ova m the presence of existmg blastocysts, a condition of affairs 
which they optimistically refer to as “ experimental superfoetation ” 

The work descnbed m the present paper was designed to study the effect 
of induced ovulation on the existing foetuses and on parturition, and to deter¬ 
mine the life history of the two sets of corpora lutea 

II Technique 

Extracts were prepared as descTibcd previously, mjectxon bemg into an <'ar 
vein In many of the mitial acute expe^ments, dated pregnancies were not 
available , m such cases a close approximation was obtamed later by examina¬ 
tion of the foetuses 

Deteotum OwAUton —Detection of ovulation presented no difficulty till 
10-12 days after injection Up to this time the ruptured follicles and young 
corpora lutea are quite distmct from the existing corpora lutea of pregnancy. 
Subsequently, homver, the two sets tend to approxitnate, espeoiaUy since the 
second set appears to undergo retrogression earlier than do corpora lutea of 
pregnancy In these conditions recognition may be difficult Vital staining 
of the exurtmg oorpmra lutea with Chicago Blue was attempted, but this 
involved waiting 4-5 days for the dye to clear out of the serum before the new 
ovulatfoa could be induced, and the technique considerably meteased the vnk 
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of mampulative duturbaace of the pregnanoy Bxploiat(^ laparotomy or 
unilateral ovanoctomy after injection wae not reecited to, although this 
technique was successfully used by Wolfe Prom 10-12 days after injection 
onwards, histological examination of the ovanes was necessary Study of 
the cell fat changes, etc, was earned out as previously described (Deanesly, 
1980) 

111 IfydMtum of Oindatum tn the Pregnant HabbU 

Thirteen rabbits from 7-29 dajs pregnant were injected with extracts of 
urme of pregnancy and killed 15-^6 hours later Of these, seven ovulated 
from one or more folbcles, the largest ovulation obtained being 12 folholes m 
a 29-day pregnant ammal Withm the range of pregnancies used, the ease 
With which ovulation could be induced showed no noticeable correlation with 
either the stage of the pregnancy or the nunilier of existing corpora lutea In 
these imtial experiments no attempt was made to study the effect on the 
feetuses , any effect m the short time of observation would be limited to im¬ 
mediate abortion Subsequently, 20 pregnant rabbits wen^ mjectod with 
untreated urme of pregnancy, with the special object of observing the effect 
on the foetuses of ovulation and the presence of a second set of corpora lutea 
Of this batch, 21 ovulated The five negative ammals all received only 2 c c 
or less of untreated urme Seven control non-pregnant animals receiving 
between 2- 5 c c of urme all ovulated, 24 niptured folbcles being found m one 
receiving 3 c < On this evidence, it is not appreciably more difficult to induce 
ovulation in pregnant than m non-pregnant animals On the other hand, the 
expnments emphasise* a fact to which we have previously called attention 
(Hill and Parkes, 1931), % e , the comparative mefficiency of our extracts as 
compared witli untreated unne m causing ovulation in the rabbit, as contrasted 
with their much greater efficiency m causing the typical dual reaction in the 
immature mouse 

lY Effect on (he Feeimes of Ovidatmi and the Fonmtvm of a Second Set of 

Corpora Lutea 

The 21 pregnant rabbits ovulating after injection of untreated urme were 
killed from 3 days after mjection up to what would have been full term or 
later The results arc summarised in Table I 

Of the 10 ammals killed before full term, 4, killed at 3, 4, 7 and 9 days after 
injection, contomed normal hving foetuses cmly, while 2, killed at 8 and 6 days 
after mjectum, contained linng foetuses in conjunction with reabaemptions. 



Table 1 —Effect on the Foetuses of Inducing Ovulation during Fiegnancy 
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In 3, the pregnancy was tennmated by abortion within 3 days of m}eotioii. In 
4 others autopsy Khowed that the fuBtuses were undergoing reabsorption, 
probably dating from the ii^eotion The effect produced shows httle or no 
cHirrelation with the dose given or the number of follicles ovulatmg One rabbit 
aborted one foetus 2 days after injection and reabsorbed the rest The lemam- 
ing ammal aborted two fostuses 2 days after injection, and, beuig killed 
innnediately, was found to contain two normal livmg foetuses and one dead 

Six ammals were killed at term or later Two of these mjected at 18-19 
days pregnant respectively, had almost completed the reabsorption of the 
foetuses The remaining four earned the foetuses to full term or later APQ 86 
gave birth at 31 days to one hve foetus and a number of dead ones, while the 
litter of APG 86, also bom at 31 days, were all born dead but fully developed 
APG 81 and 82 were not accurately dated pregnancies The former aborted 
two full term foetuses 16 days after mjeotion, while two more dead foetuses were 
found in utero APG 82 failed to show any signs o{ parturition 23 days after 
injection, and on autopsy was found to contam three large dead foetuses, which 
judged by their size and the growth of hair, appeared to have lived beyond 
full term, but which were now showing signs of reabsorption of the soft parts 

It may be concluded that the induction of ovulation is often compatible 
with continued development of the existing foetuses, judged by our expen- 
ments, however, there may be some subsequent disturbance of the normal 
paitunticm mechanism, due possibly to the presence of a second set of corpora 
lutea 

V Histology of the Corpora LtUea foUowtng (hndalion Induced during Pr^namy. 

The corpora lutea from the ovaries of APQ 48, 50, 63, 67, 81, 86, 86 and 91 
were exammed and measured in section after fixation in Flemming and Bourn 
In APQ 60, 63 and 91 two corpora lutea, 6-9 days old, resulting from mduoed 
ovulation were of the type found m the first 10 days of pregnancy, thou^ thm 
cells and mean diameters were smaller, they contained a regular light grauula* 
turn of osmicatcd fat The origmal corpora lutea of pregnancy in these ammals 
contained diffuse osmioated fat m irregular granulation, typical of old corpora 
lute^ Both from the appearance of the fat and from the size (diameters 
1 5mm, 1 8mm,and2 5 mm), these corpora lutea appeared more degenerate 
than those of corresponding normal pregnancies of a similar age Histological 
changes m the corpora lutea during the last half of pregnancy, consistmg mamly 
in the gradual disappearance of osmicated fat from sections of Elemnung fixed 
material, have been desenbed in an earlier paper (Deanesly and Padees, 1931)- 
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The corpora lutea from the mduoed ovulation m APG 48 and 67 (9 and 7 
days old respectively) differed from the ooiresponding ones deacnbed above, 
since m section they already showed signs of decay The outer lutein cells 
oontamed a regular granulation of osmicated fat, but none was present m the 
interior of the corpus luteum More osmicated fat was present m APG 67 
where the mduced corpora lutea were 2 days younger than m APG 48 

The old c(»cpora lutea of pregnancy m APG 67 showed blurred megular fat 
beginning to disappear from the inner region. In APG 48 the corpora lutea 
of pregnancy contained only traces of osmicated fat at the edge 

In APG 81, 85 and 86 killed 16 and 16 da 3 rB after the injection of unne ol 
pregnancy, none of the numerous corpora lutea in the ovaries appeared 
functional By examination and measurement of sections, however, two types 
of coqiora lutea could be distinguished, the old corpora lutea of pregnancy 
bemg more shrunken and fibrous than those resulting from the mduced ovula¬ 
tion In both types the osmicated fat had disappeariHl from most of the 
corpus luteum and tended to form a narrow penpheral rim Examination of 
the above material suggests that the corpora lutea developing after an mduced 
ovulation pass through the normal histological changes more rapidly than 
corpora lutea of pregnancy and, though varying in size, they never reach the 
maximum diameter attamed by the latter (2 9 mm ) Their presence appears 
to accelerate the shrinkage and decay of the corpora lutea present at the time 
of injection, a finding difficult to correlate with the disturbance of parturition 

VI Summary 

(1) Ovulation can be mduoed with ease m the pregnant rabbit by the 
injection of urine of pregnancy 

(2) A second ovulation is often compatible with the continued development 
of the existing feetuseja, though some subsequent disturbance of the normal 
partuntion mechanism may occur 

(S) The corpora lutea formed after the mduoed ovulation have a sheurtened 
life history as oomiiared with normal corpora lutea of pregnancy, and appeax 
to exercise an adverse mfiueuce on the existing corpora lutea. 

We are much mdebted to Professor J. P. Hill, F B.S, for assistance with 
the examination of foetuses, and to Miss K Deanealy for the notes on the 
hiBtolQgy of the coipoza lutea. 

The expenses of the work were defrayed frcmi grants to A S.P. from the 
Ifedioal Besearoh Council and the Foulerton Committee of the Royal Society; 
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The Analys%8 and Synthesis of Some Diseases of the Mosaic Type. 

The Problem of Carriers and Auto-Infection in the Potato 

By Bedoliffb N Saiaman, M D Oamb, Dneotor, Potato Vims Beaeanli 

Institute, Oonbndge 

(Coramnnicated b> H H Dale, Sec R.S —Beoeived December 10,1981.) 

[PlATSS 0-9] 

Recent work on the vims diseases of the potato has not only led to a re- 
odnsideration of the problems of the relation between vms mieotion and the 
olimcal picture of disease, but has famished us with evidence as to the erastence 
of two distinct viruses and their oo-eastence in certam diseases whether 
patent or canned 

The present work deals with still another, a thud vims element, the analysis 
and the synthesis of certam vuus diseases from these elements, and the relation 
sabsisting between the viruses when present together withm one and the saiwa 
plant 

The occurrence of the spontaneous splitting of a vtms complex both m an 
actively diseased plant as well as m a earner, is described, and evidence pro¬ 
duced m support of the view that two or mate vims elements within a potato 
ptent may become linked together m such a wtaniMw ^t the reeulting 
they produce is peculiar to the specific type d oonqilex created, and cannot 
be referred to that of a mere mixture of vuus elew«mta , 
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A short sketch of the st^ by which this attitude towaids vms infectum 
of the potato has been reached wiU be of assutanoe to an nndentandiiig of the 
problexns about to be discussed 

The same Chmoal Symptoms can be the expretstm ef DittimiA Dxseatet. 

(а) The discovery of para-crmkle and its relation to CrmUe “ A ” (Stdaman, 
1930, a, and Salaman and Le Pelley, 1930) 

(б) The observation that the same type of streak reaction, namely, the top- 
neorosis of Quanjer (1931) may be due to different vims complexes (Salaman, 
1930,6) 

Different Methods of Infectwn may gwe nse to dsfferenl Chmoal Beaetions 

(а) The observation that grafting and needle moculation of Onnkle ** A ” 
produces entirely unbke results m healthy plants was first observed by the 
writer m 1928 (Salaman, 1930, a) 

(б) The observation by Dr Kenneth Smith (1929, a) that needle inoculation 
and aphis infection from the same clinical disease may give nse to entirely 
different reactions on healthy plants 

A Single Ftnis may be extracted by an Aphu/rom a Complex vdnek the Needle 

conveys as a whole 

This was demonstrated by Dr Kenneth Smith (1930) m regard to a mosaic 
disease in Arran Victory and later in respect to several other diseases of the 
mosaic group 

Vhus Dteeaees may be modified by passage throvgh other Sdlamtmt 

(а) The writer and Le Pelley (Salaman, 1930, a, and S alam an and In Pelley, 
1980) showed that passage of the viruses of Qnnlde “ A ” or paia-cnnlde 
threfHgh an intermediate Datura scion on to a healthy potato plant gave two 
distinot classes of results according to whether the Datura was leaved 
or leafless 

(б) Dr SLenneth Smith showed that one virus, namely, his X vmiB, increased 
m vixulenoe passage through tobacco and was attenuated by passage through 
Datura 

Finises may be separated by the Selective Action of etrtasn iff the Solanaoece 

Dr Kenneth Smith (1931, b) showed that his T virus was held upon inocula* 
tien to Datura and his X virus on inoculation to Petunia, edulst the f(»iner was 
aooapted by Fetunu and the latter by Datura. 
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The Groitping of Ftrus Diseases and the MorM Uukdogy if the Seaation titey 

imAuce 

This was shown by Quanjer (1931) to hold good iot certain classes of streak 
disease The writer (1930, b) however, found that one of the mam groups 
allowed of considerable further division by the study of differontial react ums 
in various hosts Further work by the wnter and Mr F C Bawden (1982) 
on this subject is m course of publication 

The Existence or otherwise of IntraceUtdar or“ X” Bodies m the Leaf Ttuuea of 

Affected Plants 

Hurst (1931) has shown that m some of the mosaic infections, which have 
arisen in the writer’s work, such can be found, m others not (see § 21) 

Qnanjer (1931) has pointed out similar facts m respect to some of the streak 
diseases 

The Discovery and Isolation of Independent Vmues eommon to many Diseases 
of the Mosaic Group in the Potato 

Two of these, namely, the X and Y viruses, were discovered by Dr Kennetii 
Smith, the third, the Z virus, by the wntw, and it is the interaction of this 
latter nith the other two which forms the subject of the greater part of this 
communication 

It was the isolation by Dr Kenneth Smith (1981, a) of the two unit vituSM 
which he has named X and Y, which put us m possession of a k^ to many of 
our problems The wnter has great pleasure m acknowledging his debt to 
Dr Kenneth Smith, m that he has used his discovery to redirect the SfoalyBis 
of the different ormkles and streaks on which be has been engaged It was a 
coincidence that the study of the reactions of a oectam ctmlde m B^juonxe by 
the writer and his assistant, Mr F 0 Bawden, had led to the recognitico of a 
virus with distinctive characters several months before we were aware of the 
enstence of the Y virus as a separate entity It soon became obvious that ws 
were dealing with a pure culture of the Y virus iHiich Kenneth Smith was 
actively studying and which he had isolated by a beautifully adapted mwtho d 
of analysis With the new weapon—^the X and Y viruses—^in our hand, no 
tune has been lost m reattacking the problems which were m hand, vis, the 
analysis and ajmthesiB of virus diseases of the potato. 

As it will be necessary in the course of this oommunicstion to use terms 
which may be unfamiliar to those unacquamted with vums diseases of Mm 
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potato, a short descnption of the diseasm as recognised chnically may be of 
value The vuus infections of the potato may be grouped on a clmioal basis 
as follows — 

1 Leef Beil Group —A disease chaiactensed by the accumulation of starch 
m the leaves, which become thickened and longitudmaily rolled, this u 
followed by stiffness and dwarfing of the stem and a great reduction of crop. 
The disease is reproduced m the plants raised from the tubers of an infected 
plant To this group belong also Marginal Leaf Roll, Rolled Edge, and Apioa] 
Leaf Boll The investigations here described do not deal with any of Ifinfl 
group, nor do they offer any support to the view put forward by Whitehaack 
(19.^1) that the crinkle in Field Marshal, which he eAmsideis is a product of 
the combined infection of mosaic and leaf roll, is of the same nature as thc: 
crinkle disease whu h will 1 h' discussed m these pages 

2 Mosaic Group —^This includes — 

(a) MUd Mosaic —Plants winch are more or less normal m stature, texture 
and yield, but which exhibit either ix'rmanently or for a tune—generally the 
earlier part of their seasonal growth—a mottling of the leaf, which may he 
accompanied by a slight wuvmg or ruffling of the leaf suiface 

The mottling may be — 

(1) Vernal motUe, pale areas appear on a leaf vem, usually at a junction 
with a branch vein, and may spread thence to the areas immediately 
surrounding The mottle begms as a (leanng of the veins 

(2) IrUervanal reoUle, pale areas he m between the major veins, such areas 
are variable in suse 

(3) MuBsd mottle, pale areas on one and the same leaf may be cither closely 
related to the veins, or situated on the areas between the veins 

The distinction between these several types is no absolute one as was sap* 
posed by eariier wnters, though one or other may, and often does, jnedommate 
m particular infections 

A further dutinction is made between mild and severe mosaics, this difler- 
eotiation is based on the degree of the concomitaot rufibng of the leaf aiwfn«« 
end waving of the leaf edge rather than on the bnOianoe or otherwise of the 
niottle xtsdi 

(k) Onnife.'—Afieoted jdants may be omisiderably dwarfed imd are brittle 
in the Item, the leavea are mottled, often brightly, their raifaoe thrown into 
jENigDlir bnlgmgs and depressions, the edges waved and often defonned and 
twisted. The mop is matkedly reduced in quantity, snd the tubers in 
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There are at least thn^e types of ormlde (1) Cnnkle “A/* which can be 
reproduced by grafting on nearly every vanety Disease symptoms on the 
test varieties Proaideut and Arran Victory are taken as being its olassioa 
expression (2) Fara-cnnkle which, though chmcally akm to Crinkle A” 
is a distinct disease latent m President and very pronounced m Arran Victory 
There are other clear-cut reactions which further difEerentiate these two 
crinkles, for which the reader is referred to the original papers (Salamau, 
1930, a, and Salaman and Le Pelley, 1930) (3) A cnnkle which produces a 

simple crinkle m Arran Victory but a severe mosaii^ or even cnnkle on President, 
accompanied by a necrosis along the veins, endmg m the death of the leaf 
this we now know to be induced by the Y virus wlien aotmg alone 

3 Streak Group -In this group the disease may first show itself as a mosaic 
or a cnnkle, but there soon intervene necrotic lesions which may kill the plant 
outnght Then' are two mam types of streak (A) m which minute necrotic 
lesions appear on the smaller unfolded leaves of the growing points and spread 
downwards This is Quanjer’s (1931) acronecrotie group This class of 
streak has been divided by the writc'r and his assistant, Mr Bawden (1932)^ 
into at least three distinct groups ac(*ording to their vanetal clinical reactions. 
(B) The airopetal group of Quanjer, m which the necrotic symptoms appear 
first on the intermedute or lower parts of the plant as produemg streaks along 
the vcuia of the leaves whuJi, drying up, hang by their petioles, prcKluomg the 
peculiar picture known as Leaf Drop Streak This particukr type is the 
oharactenstic reaction of the Y virus m certam vaneties 

In order to present the results of this mvestigation in as brief and clear a 
maimer us possible, it is proposed to set forth the tale m its logical sequence 
rather than in the order m which the data were actually secured 

11 When Crinkle “ A," as existmg m President, Arran Comrade, Arran 
Victory, Irish Chieftain, Champion, and Arran Banner, is grafted to healthy 
plants of the same vaneties, a well-defined clinical disease similar to that 
displayed by the mfectmg plant is engendered m the stock plant m each case 
Of such grafts 42 have been fully recorded, whilst many others have been made 
for stock purposes 

$ 2 If Cnnkle “ A be communicated to healthy plants of these same 
vaneties by means of needle moculations instead of by grafting, a mosaic 
mottle, mtervemal m character develops, and neither m the season of mfeotion 
nor m subsequent seasons does the crinkle reappear, figs 1 and 2, Plate 6, 
These observations have been made on 46 difierent plants The mosaio-affeeted 
idants thus denved ore, for convemenoe, here spoken of as examjdes of JBsdiieaf 
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On&kle “ A ” One single exception has been observed to occur m the vanety 
Atran Bunier, which is now being studied 

The same result follows if, instead of inoculation, a cutting of a healthy 
potato plant be immersed in the juice of an infected plant and allowed to suck 
up as much juict as it can in 3 to 4 days and then is grafted to a fresh healthy 
stock , there was no sign of crinkle, only a mild mosaic m 1929 , m both 1930 
and 1931 the symptoms were those of a well-developed blotchy intcrvemal 
mosaic. The crinkle symptoms never reappeared (cf § 10) 

§ 3. It IS evident that the results of moculation and of grafting the same virus 
disease, namely, Crinkle “ A,” produce constant but dissimilar results This 
distmction was first observed m 1928, three possible explanations were then 
ooDBideied.— 

(A) The distmction noted might be due to the extreme differences in the 
quantity of the initial dose Against this view is the lack of any 
parallel phenomena in either animal or plant virus infection, but still 
more adverse is the fact that it such mosaics derived by inoculation of 
Ormkle “ A ” be earned on to healthy plants by means of grafting, the 
result 18 the same whether the further transfer is made by graft or by 
moculation, viz, a mosaic similar m character and reaction to that 
origmaLly obtained Such transfers have been made by graft 18 times 
and by inoculation 12 times 

^B) The virus might be reduced m virulence when inoculated by needle 
by reason of the oxidation of the infected juice, as Johnson and Ogden 
(1929) report to be the case with tobacco mosaic This latter might 
very readily take place when the juico is extracted by pounding up the 
plant tissues m an open mortar To cheek this, inoculations were 
made subcutaneously with a juice extracted anaerobically from the 
plant tissues by means of a high pressure syrmge The results were the 
same-^a mild mosaic of a mixed or of an mterveinal type 

iP) The VITUS present m Cnnkle A ” is a mixture of several viruses of 
which one or more constituent is non-inoculable 

It IS this view which the wnter beheves to be the correct one. This so-called 
non-moculability might be in reality due to the destruction of the virus m 
*quo8tion through some procedure m the manipulation, but the expenment 
referred to m (B) would appear to exclude the most {srobable of such factors 
M might come mto play. 

r 8 
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§ 4 Employing the metfaodB of reoogniRing the viruses X and Y 
by my colleague Kenneth Smith, it was readily proved that the mosaic infec* 
tion, observed m healthy plants after infection either by grafting or moculation 
with Crmklc “A,” invariably (ontained the virus X which produced its 
characteristic rings and mottle on tobacco and its peculiar mottle with green 
vembanding on Datura It became apparent, however, that although all 
our Crinkle “ A ” plants were ohnically very much alike, they were not all 
suffering from an infection of the same viruses Thus a cnnkle m Myatt's 
Ashleaf, which was used for a time in 1928-29, has been conclusively proved by 
Dr Kenneth Smith (1930, 1931) to contain both X and Y, whilst in a crinkle 
m President, which forms the basic material of much of the work here described, 
as well as m a similar crinkle of Arran Comrade, no Y virus has been demon* 
fitrated by the writer cither by A'|ieated needle inoculation or aphis infection 
on tobacco On the othei hand, a crinkle on Irish Chieftain which has been 
used to a considerable extent, and wluch can be transferred readily to President, 
behaves on moculation in a precisely similar way to Presidents nnkle, yet it 
contains, like the Myatt's Aahleaf, both X and Y It is inton^stmg to note 
that the crmkles in both Irish Chieftain and Myatt’s Ashleaf, though similar 
in type to that of President, are more severe m their leaf deformity and brighter 
in their mottling than the latter, ISgs 3 and 4, Plate 6 
§ 5 The X virus has been demonstrated m both the Adduced and unreduced 
Cnnkle “ A m many scores of tobaccos and Daturas, what, then, is the 
difference between reduced and unreduced Crmkle A ” ? It is not merely 
a reduction of virulence in the X virus, because this reduced crinkle has been 
passed through two generations of tobacco and returned to potato and passed 
on to other potatoes, and m no case has the true clinical Crmkle A been 
rc'gamed, It is true, as Kenneth Smith has demonstrated, that X con vary 
considerably in virulence We shall refer to this later m § 10, but clearly the 
difference between reduced and unreduced Crinkle “ A ” is not due to this 
cause It may be permitted to anticipate the evidence to be adduced later 
(§§ 14-16) and answer this question by stating that there is another virus 
element, an immoculable one, at work, which the writer has called Z which, 
in conjunction with X, is responsible for the Cnnkle “ A ” as present m Presi¬ 
dent We may therefore regard this type of Cnnkle “ A as havmg a virus 
content which may be described by the formula ZX 
16 In the xmtet’a prevwuB paper (1930, o) a type of expenment known as 
doable>grafts wan deaonbed and results icom its omidoyment in two 
vma disesses, Crinkle “ A ” and para-onnkle, teoorded. In these ^ 
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the lofeoting soKm wae grafted on to Datum and the Datura in its turn grafted 
to a healthy potato There were two types of the e:qperuiient one m which 
the Datura was furnished with leaves, and one m which the Datum had a bare 
stem The results in both cases with either virus group were similar, t e, 
Gnnkle “A” and para^orinkle double-grafts with an intermediate leafless 
Datura scion reproduced the full clinical disease on the underlying potato 
stock, whilst, when leaves were present on the Datura, neither source of infeotion 
reproduced a crinkle, but either a mosaic or nothing These ezpemnents were 
done m 1929, others have smce been performed of the same kmd but, what is 
more important, the underlying stocks have been grown on for a further 
2 years, jieldmg results of much mterest 
§ 7 Before considering the facts referred to above, a further and new experi¬ 
ment should be here considered Kenneth Smith (1931, 6) has shown, and 
the writer has confirmed the observation, that if some plants oontammg the 
Y virus be moculated to Datura, the Y fails to malm an mitry Instead of 
inoculatmg the Y virus, the wnter has made double-grafts with the Y virus as 
the exciting infection, and President as the basal stock The result is most 
stnkmg, figs 5 and 6, Plate 7 If leaves are present on the Datum the Y 
fails to pass through the Datum and the basal plant is as healthy os if nothing 
had been done to it, if leaves are absent, the Y virus descends on to the 
President stock and kills it 

18. Now let us turn back to the behaviour of Cnnkle “A” and para- 
ormkle We may for simplicity group the relevant facts as follows — 

(o) Crinkle “ A ” double-grafts with leaves In the current season the 
basal stock, whether President or Arran Victory, develops a mosaic 
which IS generally faint and more or less venial. 

(b) Seven such plants have been grown on and m all the symptoms have 
moteased m mtonsity, five have definitely returned to a full Onnlde 
A,” and m the remaimng two the mosaic is a severe mtervemid one. 
Such plants all contam X 

(o) Pata-cnnkle double-grafts with leaves. In the onrtent season the 
symptoms on an underlying Arran Victory stock are those of a mild 
mosaic: on a President they ate n<ni-ezistent 
(d) Bleven such plants have been grown cn for a second or third season, 
and in no case have the symptoms become notably in w eased mmI no 
suggestion of a return to the original pata-amklB has been observed. 
Snob plaadis have given no reaction indicating the pcesenee of eitiiiw 
XorY. 
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§ 9 It would seem evident that the leaved Datura luteime-diate scion plays 
two entirely different r61eB m the two cases In Crinkle “ A ” the Datura has 
depressed the virulence of the X to a variable but always considerable degree, 
from which m the subsequent tuber generations it recovers In para-cTinkle 
a drastic and definite change has taken place from which recovery is impossible* 
In view of the result of double-grafts (§ 7) on the Y virus, it would seem 
very probable that the Datura has removed a Y element from the paia-crmkle 
virus complex completely 

It might be objected that the virus Z is the one that lias been depressed, and 
not the X It will bo shown in § 17 that Z, when derived from a source alto¬ 
gether free from any influence of Datura, is not to be distinguished from one 
that has passed through a Datura-leaved double-graft (§ 16) 

Moreover, when Z itself is passed through a similar Datura double-graft, 
it emerges on the basal Arran Victory very much the same as it entered 
§ 10 The mfluence of Datura on the X virus can be gauged by comparing 
the two sections of Table I, where X was introduced into the healthy varieties 
in Group A by a previous passage through Datura on to Arran Victory and 
thence to the varieties stated , and in Group B by direct inoculation 
It will be seen that in Group A the symptoms arc slight in the first and more 
severe m the following season, whilst in Group B there is greater uniformity 
as between first and subsequent seasonal symjitoms It should be remembered 
that m Group A the virus has had one passage through a potato after leaving 
the Datura except m the last example cited 
If a scion containmg the virus X alone bo used as an infector by double¬ 
graft through a Datura with leaves, the healthy stock plant shows no sign at 
uU of disease, so strong is the effect of the Datura juice in depressing the ai.'tion 
of the X virus In the next season, however, the stock develops a definite 
mterveinal mosaic This result is stnctly comparable to the first seasonal 
effects of double-grafting with Crinkle “ A ” mentioned m 18 
§ 11 The para-crinklo complex is a peculiar one, it has been inoculated 
mto a hundred or more Datura and tobacco plants without producing any 
reaction * Whilst it can be communicated by grafting mto several varieties 
producing a more or less senous crinkle, it cannot be mocolated mto any 
Dr Kemieth Smith has shown by means of aphis inoculation that para-crmtde 
contains Y, which findmg receives further support from the evidcmoe of the 
Datura double-grafts (§ 8), but there is no evidence of any X bemg present 

* On D&tura certain exceptional and very mild symptoms were noted in a few oases in 
A previous oommunioatfon (Salaman and Le Fdley, 19d0). 
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It 18 clear that the disease paia-cnnkle is not merely due to Y, for that is 
most readily mooulable and reacts most violently m Ptesident and with less 
seventy on Atran Victory. Paxa-crmkle, on the other hand, » earned harm* 
lessly by Fresideat'*' bnt produces a most severe crinkle on Arran Victory. 

* OooastonaBy a vsbial olauin^ or mnal mottle tfevelopB and then diee sway 
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It has been mentioned (§ 6» r) that m those Datura double-grafts with leaves, 
when Arran Victory is the stock, a mosaic ensues which is evidence that some¬ 
thing else besides Y is present It wdl be shown that this mosaic is produced 
by a separate virus, which wo have good reason to believe is the same as that 
hypothecated as Z m § 5 

It should be added that the deduction that paia-cnnkle is induced by a 
complex of Z and Y is m general harmony with all the experimental data 
except in one case When a healthy Arran Victory shoot was allowed to suck 
up para-crinkle juicc in a manner similar to that described m § 2 for Crinkle 

A,” the result was a mottling which in the two sulisequent seasons’ growth 
from tuber settled down to a defimte mterveinal mosaic Till further work on 
these plants has been done it is difficult to harmonise this result with its fellow 
from Cnnkie A ” and the formula ZY It might be that we are dealing here 
with a specialised type of the Y virus and this might explain the failure expen- 
enoed in the attempts to synthesise para-cnnkle by merely bringing Z and Y 
together (§ 30) To indicate this the Y of para-cnnkle will be written Y^ 

The behaviour of the Y virus from certam King Edward plants both in the 
^asshouse and the field lends further support to this view 

§ 12 Although it IS true that para-cnnkle is a relatively stable cximplex, 
yet close observation of a large number of affected plants of the vanety Arran 
Victory over several years has led to certam mterestmg deductions If a 
number of tubers from one and the same para-cnnkle infected plant grown m 
the glasshouse be put out in the field plots, it has been frequently observed 
that not all the tubers give nse to para-ermUe plants (In the field a para- 
cnnlde infection is m gtmeial so severe that the plant assumes the peculiar 
form known as Curly Dwarf) Often a normal or a mildly mottled plant 
occurs amongst others more severely affected No partimkr importance at 
first was attached to this variation of symptoms, for the appearance of which so 
many environmental factors might be held responsible It was not unlul 
three cases of a similar but far more decisive character were observed in the 
glasshouse that its importance was recognised. 

§ 13 In 1930 several para-cnnkle infected Arran Victory plants were raised 
from tubers descended from a single Arran Victory on which the osmeT King 
Edward had been grafted m 1929, these plants displayed the normal disease 
ohaiacters of para-cnnkle In 1931 three more plants were raised, two fitom 
One and one from a second of the 1930 stock plants In each of the three 
1931 plants one shoot was observed which was free of aD cnnkie and was either 
healthy to all appearances or at most exhibited a mild mosaic. As it was m 
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one only of these piantB that the appeatanoe of the abnomml shoot was 
obsenrtkl and studied from its first em^enoe, the consideration of the other 
two will be deferred to another occasion 
§ 14 The seed tuber of the 1931 plant to be described originated from pot 
606 m 1930 and was numbered 260 m 1931 It was planted in the pot 260 
on March 16 and the peculiar shoot was observed on Apnl 21 and photographed, 
fig 7, Plate 7 On that date there was a fully crinkled shoot 10 mrhes high 
and an apparently healthy one 4 inches high on which, however, the veins 
were slightly cleared In order to make sure that there was no accidentally 
introduced second seed tuber, the mother tuber was taken out, washed and 
photographed, fig 8, Plato 7 It will be seen that the healthy ” shoot is an 
integral part of the whole For the sake of convemence this shoot will be 
referred to as the N shoot, and the cnnkled shoot as the D shoot On May 6 
the N shoot exhibited a mild vernal mottle, this, however, soon disappeared 
and from then onwards the N shoot developed as an apparently healthy 
Arran Victory plant The cnnkled D shoot matured considerably earlier 
than the N one, but both were harvested at the some tune imder water The 
relations of both stems to the lemams of the mother tuber were still visible 
and their crops, apparently normal Arrau Victory tubers, were harvested 
separately Orafts from the N shoot were made to Arran Victory and other 
varieties, and a rapid study was made of some of the reactions of the virus 
which it contained, those are detailed in § 15 
§ 15 Reaction^ of the virus present m the N shoot of plant 260/31 under 
glasshouse conditions 

Table II 



No of plants 
infected 
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VanetJe» infected 

By 

graft 

By 

mocula* 
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1 

1 
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8 

1 

! — 

1 

i 

In about 14 days the vems begin to clear and 
this develops into a definite mottie vUoh 
at first is confined to the veins and par¬ 
ticularly to those points where they dl^m 
The veinal mottle u sometimes aooompuUed 
by a slight nifibag of the leaf snrfaoe, l^t 
there m neither waving, deformity, nor 
neoioees. About S weeks after gmfAig the 
symptoms tend to disappear, m mottUng 
becomes mined or even deiBaitely inter* 
veinal, and the plant as a whole noaUihy. 
There is neither dwarfing nor stfflsniqg of 
the stem or peUolsB. 
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Table 11 —(contmued) 

No of planta 
infocted 


Bv 1 

r"S'* 

' 3 . 

No roaction followed inoculation* 

No roootiuu The scion grow vigorously and 
although tlio stock at first might look a 
little "suspicious," it soon regained its 
full colour and remained perfectly hoalthy 


I No reaction followed inoculation 
I No reaction, scion good 
> No mootioni scion good 
I No reaction, scion good 
1 No reaction, scion rather poor 
I No reaction 


No roootiun 

A transient but definite clearing of veins m 
the Arran Victory stock, otherwise no^ 
reaotion 


§ 16 lu thci virus present in the N branch we are dealing with a constituent 
of the para-tnnklc complex wluch is clearly neither Y nor X , that it is a com* 
panion virus to Y in para-cnuklc is obvious and that it might be so to X m 
Crinkle “ A ” was a legitimate mference The writer has called it the Z virus* 

T)ie proof of this proposition has been attamed by analytic methods in the 
ease of para-crniklo and by synthotic ones m the ease of Cnnkle “ A ** To 
deal with para-cnnklo first 

§ 17 It has already been mentioned, § 9, that para-crinkle when passed 
through a leaved Datura graft loses what appears to be its Y' and the resultant 
mosaic IB pennaneut, fig 9, Plate 8 This residual mosaic, vernal m the earlier 
part of the season, mterveinal later as is that m the N branch of plant 260, 
reacts, so far as it has been tested, m an exactly similar manner to the virus 
contained by the latter Theoretically it should be identical, for if we are 
right in assuming that para-cnnkle is a mixture of Z and Y' (see § 11), and we 
remove the Y\ we are obviously left with the Z Moreover, the virus existing 
in the N branth demonstrably contains neither X nor Y', it should therefore 
correspond to what romams in the para-cnnkle complex after Y' has been 
removed 

§ 18 Before proceeding to the consideration of synthetic expexunonts with 
the virus elements Z, X and Y, it may be well to supplement the evidence 
already given by Kenneth Smith (1931, a) as to the reactions of the two viruses 
X and Y The writer has had occasion to study both on a huge number of the 
domestic potato varieties, and the reactions can be grouped mto rather well 
defined classes They are detailed bekw for the convenience of other workers 
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It should be said that three sources of X virus have been employed two 
vdiete the X virus has been the virus present after mooulating Chinkle “ A ” 
m President to Datura and grafting the Datura to healthy Arran Victory and 
President stocks respectively The third consisted of a stram of reduced 
Cnnkle “ A,” % e, the resultant vims m Arran Victory or President obtained 
after inoculating Cnnkle “ A ” from President mto either of these vaneties. 
The results m either case arc identical, ef § 10, Table I 

The Y virus as regards two sources has been obtamed from Dr Kenneth 
Smith, whilst a third was the virus present m the Epicure cnnkle which waa 
mentioned on p 188 All three sources have reacted m an identical manner. 

§ 19 The varietal reactions in the potato under glasshouse ronditHms which 
follow infection with the X virus may be grouped as follows — 

No 1 No reaction or an almost imperceptible one— 

Uptodaie, Great Scot 

No 2 Interveinal mosaic of varying degree— 

Abundance, Arran Chief, Arran Comrade, Arran Vustory, Brthsh 
Queen, Champion, Rdipae, EdzeU Blue, Irish Chuftam, Kert*$ 
Pude, Majestic, May Quern, President, Sharpe's Express 

No 3 Acute top necrosis streak— 

Arran Crest, Epicure, King Edward 

The stock of Uptodate which was tested has been used several tunes and 
found to be free from any ascertainable vims, healthy looking Uptodate 
stocks ore commonly infected with a virus complex which contains both the 
X and Y virus The lack of reactions to a pure infection of X, whilst not 
suipnsmg, must not, however, be accepted as evidence for behevmg that a 
vancty, which may happily carry a complex containing a specific virus, cannot 
tespond to an mfeotion with a specific virus contained m that complex 

§ 20 The vanetal reactions m the potato under glasshouse conditions i^kioh 
follow infections with the Y virus may be grouped as below *— 

(1) No reaction— 

Di Vernon, Kerr’s Pink 

(2) Necrotic lesions only— 

Vernal necroses only— 

Intentahonal Kidney. 

Sharpe* e depress 

Vernal neeroses and leaf drop stresde— 

Anan Oonetd 
Armn Greet 
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(3) Mosaic lesions only— 

Mosaic or cnnWe with or without minute and moonsiderable loeorotio 

spots— 

Arran VtcUry 
Duke of York 
Epusure 
Kvng Edward 

(4) Mosaic and necrotic lesions— 

Mosaic, and vernal necroses— 

Abundance 
Arran Chief 
Great Scot 

Mosaic, vernal necroses and leaf drop streak— 

Arran Earner 
British Queen 
Uptodaie 

Gnnkle, vernal necroses and leaf drop streak— 

King George 

Majestic 

PresidefU 

In Group (1) occurs Di Vernon, the stock of which has been proved to be 
oaxiymgY and very probably Z Here we have an abacuice of reaction remims- 
cent of a similar negative result when X is mtroduced to Uptodate (§ 4) On 
the other hand, our stock of King Edward is carrying paia-orinkle which 
contains Y', yet a further dose of Y bnngs about a sharp reaction The same 
IS probably true for most stocks of Uptodate * 

$ 21 The leaves of plants infected by the vinis entities X, Y and Z, and many 
of their combinations, have been exammed cytologioally by Dr and Mrs C. 0 

* Plants of a stook of the variety Uptodate m which no evidence of any contained 
virus has been found after repeated test over 8 years, as well as plants of a stock of the 
same variety m which a top necrosis complez proved to oontam both the X and the Y 
virus IB earned without symptoms, have both been inoculated with pure Y virus* In 
each case the plant went down with a lethal leaf drop streak. These facts are taken as 
additional evidence that a complez is a substantive group with pn^fiertiM peouhar to 
ItssU, and not a mere mixture On the latter hypothesis It would he difficult to under* 
stand how a plant already oanyiAg without tescSioa the Y virue, should be strkduMi 
down fay a further infection of the eame virus. 
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Huzst a&d the wnter (1931). Confinuig ouraelvea only to the presence or 
absence pf the cell inclusionB or *' X bodies ” we have found that — 

In 20 plants containing the X virus only, X bodies were found in 16 
In 13 plants suffering from Crinkle A/’ X bodies were found m all 
In 7 plants containing the Y virus only, no X bodies were found 
In 2 cases where X and Y were present, X bodies were found m both 
In 5 plants contaunng the Z virus only, in 4 no X bodies were found, and in 1 
very rare and somewhat doubtful X bodies were found This result 
occurred m the plant 252, the residue of a double-grafted paia-crmkle 

The cytological findings thus provide further differential criteria which 
support the view that we are dealing with three distinct virus elements 
§ 22 The characters of the three viruses having been established, it follows 
that— 

The Z virus may bf* distinguished from eitlier the X or Y by the foUowmg 
chara(.ters — 

The Z virus is noii-moculable, whilst X and Y are both freely moculable 
to the potato 

The Z virus causes no symptoms m President, whilst both X and Y, and 
particularly the latter, produce most striking lesions ux this variety 

The Z virus produces no reaction by moculation m either tobaoi^o or 
Datura, whilst X causes symptoms in both, and Y a characteristic 
lesion m tobacco 

The X virus kills Epu me, King Edward, and spares Uptodate; the Y 
virus reacts on the same throe vaneties with a crinkle or streak, 
whilst the Z virus spares all three 

The Z virus by itself has but a very small range of activity, but in company 
with X or Y its reactions are manifold It might be desoribed as a 
oomplemontaxy virus 

The writer is aware that objection can be raised to the claim that the Z 
varus as stnotly a uut varus, but its chum to be so regarded does not fail behind 
that of either X car Y; farther work may substmitiate or cancel the nghts of 
all of them. To-day we may say of all three that they ore stable and react as 
single umts That we have in Z a virus which is neither X nor Y is certam. 
What its and tl^^ir euot status are must rest awhile in doubt 
Whilst Yt is the opimoo of the writer that the three vintses X, Y and Z acting 
sinj^y or tc^thec ue srdBoient to explain the majonty of the virus probtems 
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so for encountered in the potato, he would most expressly guard against the 
assumption that tlwre may not be still others awaiting identiUcation 

§ 23 The existence of three separate viruses, X, Y and Z, having been 
established, we may now pass on to the consideration of the possibility of 
btulding up from them complexes comparable to or identical with those, such 
as mtervemal mosaic, Cnnkle “A/’ or para-crmkle, which have been the 
subject of considerable study in the past Such a synthesis as is here indicated 
has been attempted by bringing the elements together by graft or moculation 
or both This method has many objections It enjoins uncontrolled dosage 
of any one of the entrant viruses, permits of but a mmunal control of their 
xespective virulence, and takes but little regard of the route by which the 
viruses attain their measure of dispersion throughout the plant tissues That so 
considerable a degree of success has been attained by such crude methods is m 
itself instructive as to the nature of the virus complexes as we know them 
both m the field and the glasshouse 

The attempts at synthesis wiU be desenbed in terms of the virus elements 
engag(*d All cases where grafts were not satisfactorily established have been 
omitted from this account 

§ 24 TAe Synihma of X and Y —^In nature we have yet to be quite sure that 
plants occur with this vmis content Oortam mtervemal mosaics from the 
field may be examples of such, but, as the Z virus was not recognised till 1231, 
those cases of mtervemal mosaic m potatoes analysed by the wnter and 
mdcpcndently by Dr Kenneth Smith and found to contam X and Y cannot be 
fully accepted till the presence or absence of Z is demonstrated, inasmuch as 
one of these mtervemal mosaics is moculable as such and does contam both X 
and Y, we shall be probably quite safe m regarding it as free of Z and as an 
example of XY infection 

Infections which must be regarded os XY m composition have been made 
artificially The writer m 1929 moculated Irish Ohieftam Crinkle “ A ” which 
contains both X and Y, as shown by tobacco inoculation, to healthy potato 
plants, and produced a mild mixed mosaic which theoretically should be 
consequent on X and Y m the first season, and a mild mtervemal one m subse¬ 
quent ones The appearance of these plants m no way differed from the reduced 
Cnnkle of President which contams X only. Dr Kenneth Smith 
(1929) moculated healthy potato plants with a virus complex, derived &om a 
mosaic infection of Acian Victory, which he subsequently identified aa con¬ 
sisting of the X and Y viruses. These, after passage through tobacco, he 
retuxued to potato plants and induced on the younger leaves a aevm mosaic 
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of a bngbt and rather massive mtervemal type with a variable amount of 
waving ukd rugosity On the older leaves necrotic spots were not uncoinmon. 
He observed the occasional retrogression, apart from temperature effects, of 
these severer symptoms to those of the original mild potato mosaic from which 
the experiments m the tobaccos originated , he further found that this mosaic 
could be readily transmitted to other potatoes by needle, but failed to do the 
same with the aphis Myzus perncoi In the following season Dr. Kenneth 
Smith (1929) found the progeny of these mfeoted potatoes reproduced, without 
variation, the symptoms of the preceding year Potato plants artificially 
infected from tobaccos m which the virus element, probably the X vuus only, 
has mcreased m virulence, do not in reahty ooirespond closely to the diseased 
potatoes of the field On the other hand, the experience of Dr Kenneth Smith 
with mtervemal mosaic m President correspoudH with that of the writer It 
contains botli X and Y and is transmissible by needle to other potatoes, but 
whether it contains the further virus element Z, though verv unlikely, remains 
to be proved This particular source of intorveinal mosaic occurred m the 
field and was given to the writer by Professor Paul Murphy 
The ovid(*nce to hand suggests that the complex XY as it occurs m the field 
18 identical with the reduced Crinkle “ A ” of Irish Ohieftam as exhibited m 
Arran Victory or President as a result of artificial moculation, and that the 
symptoms are those of a rather mild mtervemal mosaic mdistmguishable 
from those consequent on a simple X mfiM^tion 
§ 25 Artificial Union of X and Y —^This was attempted 22 tunes, of which 
14 only have been allowed to rank, as the Y vims in the source employed m 
the remamder had probably not become systemic at the time it was employed 
In some cases the X and Y either smgly or together were brought m to the 
healthy plant by inoculation , m others they were both introduced by grafting, 
or one was grafted, the other inoculated In 9 out of the 14 host plants the Y 
virus took charge,*’ , it produced its typical necrotic reaction m President 
or a crinkle m Arran Victory before any evidence of combination was visible 
Of the remaining 6, all developed a well-marked mtervemal mosaic with 
occasumal necrotic spots on the leaves It should be noted that these 5 
possibly successful syntheses are mdistmguishable from plants resulting £com 
a pure X infection This m itself is no evidence against their being of the virus 
oompocution XY, but rather the contrary, it does, however, ^courage a 
meaaure of caution till more positive evidence of their oonstitutiQn is to hand. 

$26 The SffnAem X and Z —Plants affected with this complex ooour 
plentifully in the fidd, several have been already described by the wnter as 
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exampleB of Crinkle “ A,” notably those m Fxeaident, Anui Vujtoy, and 
Arran Comrade The appearance and reactions of ennkle in these vanetwa 
have been described in detail in a previous oommnnication (Salaman, 1990, a) 
Certain features may be recalled In both varieties the disease begins m the 
upper portion of the plant by a clearing of the veins which develops into a 
blotchy vernal mottle, the surface of the leaves becximes coarsely rugose and, 
m President, the outime of the leaf distinctly mdented and waved, figs 1 and 
3 Plate C In Arran Victory the waving and rugosity are less pronounced 
fig 10, Plate 8 As the season progresses the leaf symptoms spread to all 
parts of the plant and in President the deformity may be considerable , still 
later both the rugosity and mottlmg beoomc less pronounced In Arran 
Victory a oharactenstic glazmg and large waved ru£9mg of the older leaves sets 
in and to a considerable extent hides the previous ennkle symptoms, fig 11, 
Plate 8 

§ 27 ArtAficxal Synthem —This has been effected m two ways - 

(A) By the addition of Z to X 

Pot No 252/171/P/31 —The Z used is the residue from a Datura with 
leaves double*graft pora-onnkle In this case both sources Z and X 
were mtroduced mto a healthy President plant by grafts The result 
was a typical ennkle which developed m exactly the same manuer as 
do(‘H a normal crmkle m a healthy plant after a straight graft with 
Gnnkle ‘ A,” the only difference being that m this case it took some 
3 weeks longer for the full symptoms to appear 

Pot No 250/171/A/31 —The Z used was derived feom the N branch of the 
para-cnakle plant 250 Both Z and X were mtroduced by graft. In 
this case the Crinkle “ A ” symptoms m the Arran Victory stock 
plant were defimte 6 weeks after grafting and developed quite norinaUy 

Pot No 250 A A /215/A/31 —The Z virus was agam denved feom the N 
branch, but m this case had been passed twice by graft through Arran 
Victory Both scions were grafted to a healthy Arran Victory Inthu 
case a true crinkle was never fully developed, but the leaves developed 
a very severe mosaic when the jdants matured 

(B) The second method of building up Oonkle ** A " was somewhat com¬ 
plicated It was used on two oooaeions, the only difference betwem them 
bemg that the healthy recipient of the vtmses was an Arran Viototy plant 
m one case and a Ptesident in the other. 
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^ot No. 569 K, Ed. Dat. Al/80 .—k symiitoinleBB Kmg Bdwazd oanyiog 
paxa-oEinkle was grafted with a redooed Fcesident Otinkle " A ” whuh, 
as IS usual m Kmg Edward, produced a top necrosis streak. A shoot 
of this mfected Edward was then used as the top soum on a douUe 
Datura-with-leaves-graft ou an Arran Victory base. In the first 
season a very severe mterveinai mosaic developed which passed into a 
mild cnnkle. In the second season the progeny of this plant was a 
perfectly typical Ormkle “ A ** m Arran Victory, whioh towards the end 
of the season passed through the typical stages ending m the oharaoter- 
istic rufOiug and glazmg of the older leaves, fig 12, Plate 9 

Pot No. 659 K Ed Dat Pl/30 —^There was no change of procedure ezo^ 
that the basal host plant was a healthy President The seasonal 
symptoms were those of Ormkle “ A ” of a rather mild type, m the 
following season, however, the progeny presented a oharactenstio 
picture of Ormkle “ A ” in President, fig 13, Plate 9 

Grafts from the Arran Victory host plants were made to farther healthy 
Arran Victory and President plants and m both Chmkle “A” symptoms 
developed normally 

The two successful compositions here desmbed may be mterpreted thus. 
Eong Edward has a virus content due to its latent pata-onnkle of 2SY', to it 
was added an X The mixture ZXY' was then passed through Datura with 
leaves which extracted the Y', and the remaining vurus elements brought 
intimately together passed on to the healthy hosts to give nse to the tram of 
symptoms which we have learned to associate m Ormkle “ A ” with the vims 
complex ZX. 

Omitting other eipenments where the grafts were poor or actually fiuled, it 
IS permissible to say that five attempts to reooQsttaot Ormkle A have 
been made, and all have been successful 

§28. The 8ynAe»%a ZX and X —No diseased condition of the potato has as 
yet been identified to which this composition might be attnbuted. Jhamnuch 
as ZX IS Ormkle A," the addition of an X to an aheady onnkled plant would 
possibly not give any appreciable sign of its presence, thou^ this would not 
rale out such a possibility if an actively onnkled scion were introduced 
simattsneously with an X in a neutral plant (see § 41). In the attempts here 
recorded to combine these viruses the ZX was the virus complex in a Pcendent 
plant resulting from a Datura-double*giaft-with'leava8 Orinlde *‘A” m 
which the X had been attenuated by its passage throuf^ the Datura and not 
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having regained ite fall expression the plant exhibited not a crinkle but an 
intervemal mosaic with a few neciotio spots on its older leaves 

Three attempts were made 

Pot No 20U/215/P/31 - -Both sources were grafted on to a healthy President 
and both scions grew vigorously, the only real reaction on the host was 
a famt mtervomal mosaic 

Pot No 200/171/P/31—Both scions were grafted to a healthy President 
and both grew well The host scarfcly reacted at all except for a 
fleeting vernal mottle 

Pot No 200/171/A/31 —The pioccHluie was as above, but the host plant a 
healthy Arran Victory, the scions prospered, but tlie plant failed to 
react 

These throe attempts to combine ZX and X have thus ended m a species of 
stalemate So far from the vmilent Crinkle “ A,** ZX, being mtensified by an 
additional X, its action has been practically suppressed, whilst X, which 
mvanably reacts on a healthy plant with a quite definite and often severe 
mosaic, has also been practically put out of action This phenomenon will 
be referred to agam m § 39 

§ 29 Synlhma ZX and Z —^Whether such a virus grouping occurs in the 
field IS not known, but inasmuch as the result of artificial S 3 mthcsi 8 is merely 
an intensification of the crinkle common to ZX m one case and is but a mild 
intervemal mosaic in thc^ other, it would not be easy to recogmse its existence 
by sight 

Pot No 492/261/P—A scion from a fully-developed Cnnkle “A” on 
President and one from the double-Daturadeaved graft residue of a 
para-cnnklc, were grafted to a healthy Pjresident The result was an 
acutely crmkled plant which developed its symptoms considerably 
earlier and more rapidly than an ordinary Cnnlde A ” grafted plant 
would do 

Pot No 250A/195/A —^In this cose the Z was denved from the N branch of 
the para-ciinkle 250 and the ZX was an active cnnkle in Preaident 
The scions matured early, especially the Z one, and the stock plant 
never developed more than a mild mterveinal mosaic 

Pot No 200/252/P —In this case the ZX m the attenuated form was denved 
from a Datuxa-double-graft with leaves of Cnnkle A ” m P!tesideat> 
whilst the Z was denved from the residue of a Datuia-donble-graft 
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with leaves of paca-onnkle Neither soiodb grew vigorously, and the 
result was, as in the case above, an mtervemal mosaic 

As m the two latter experiments the scions were not entirely satisfactory, 
no final conclusions can be drawn as to the effect of the juxtaposition of the 
viruses ZX and Z m the potato The highly intensified cnnkle of the first 
experiment, however, is not rmexpected when one remembers how Z adds a 
cnnkle character to a mosaic* j^roducing virus such as X 
§ 30 The SytUhem of Z and Y —In the field the disease produc/cd by a 
complex which the writer believes to be 25Y' is the para-ennkle disease 
latent m every stock of King Edward in the kuigdom,*^ and active m occasional 
plants of Arran Virtory and Arrau Ghieh Its synthesis, if attempted by the 
method of simple juxtajKmition of the virus elc^ments, mc*ets with a special 
difficulty at the outset Para-cnnkle is more or less completely latent in 
President, a plant which is intensely susceptible to the Y virus, hence if we 
succioed m building up the C/Omplex in President and leave any Y over un¬ 
attached it proceeds at once to kill off the host with streak If we use Airui 
Victory as the host plant wc have a different difhculty The Y virus produces 
m Arran Victory a crinkle not so seven\ but of the same type with the same 
preponderance of vernal mottling which is characteristic of para-onnkle 
The difference between the two is essentially one of degree helpi^d out by the 
occasional presence of Hu|)erficiai necroses m stem and petiole m tlic case of 
paza-crmkle If we succeed m buildrag up para-cnnkle m Arran Victory and 
leave any Y free, then wo only expect an exacerbation of cnnklc symptoms— 
a very intense para-cnnkle and that, indeed, has been found to supervene m 
some coses Further, m order to establish a proof of successful para-crinlde 
synthesis, it is neciessary that the virus tompl<^x produced shall arouse no 
symptoms on healthy President but excite a severe ('nnkle on Arran Victory 
§ 31 The Afi%Jichal StffUhesis of Z and Y —^Thc Z was introduced by graft, 
the Y by inoculation m some coses and by graft in others In two cases where 
Arran Victory was the host the scion failed In one where President was the 
host both scions were poor, but as Y symptoms mtervened after a quiescent 

* Over 150 d^fhtmt stooks of Kmg Edward from different parts of England, Ireland and 
SootJand have been tested, and all except some half-dosen have given a posinve para- 
onnkle reaction on Arran Viotory Those which have so far failed are being tested again, 
it is not impossible, see §i 14 and 43, that they are really free of the oomplex. I am 
indebted to Mr Milleg» of the Department of A^ultnce loNr SeoUand, for testing a large 
number of thsee sto^. 

Q 2 
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interval of 6 weeks it is not impossible tbat next year we shall find some 
evidence of a latent para-onnkle 

These attempts may be dismissed as fmlmes Greater success rewarded an 
effort which was prompted rather by mtmtion than logic In partnership with 
Mr F 0 Bawden, the writer has been investigating a number of stroak-esxiying 
^ants One of these occurred m a unit of Di Vernon This parbcular umt 
oames a virus complex which cannot be moculated to any potato <a to Datura, 
and only with difficulty to tobacco, grafted to Datura it produces a very 
characteristic reaction only met before m the case of para-crinkle All the 
characters suggest a resemblance to paia-onnkle On the other hand, when 
this Di Vemon complex is grafted to l^esident it produces a top neocosis 
streak, and when to Arran Victory at best a very mild crmkle, these latter 
reactions distinguish it sharply from para-crinkle. On tobacco its actum 
was ounous, m general, inoculation gave no result but a small percentage 
developed pure and distmct Y symptoms, there was no evidence of any X 
virus being present 

It occurred to the writer that the non-moculabihty of the complex suggested 
Z, which he had hypothecated but not yet discovered It was therefore 
detenmned to use the Di Vernon as if it wore a pure source of Z Grafts of 
Di Vemon, incidentally a difficult vanety to graft, were employed, and the Y 
mtroduoed either by graft or moculation 

Pot No. 146/231/A/31 —Both virus sources were mtroduoed to the Arran 
Victory host by graft A very pronounced cnnkle was produced m 
under 4 weeks which had every appearance of being a para-onnlde 
of a severe type, figs 14 and 15, Plate 9 Scions were removed on 
the twenty-eighth day and grafted to Arran Victory and Resident 
respectively The scions were good m both oases, the Arran Victory 
developed a well-marked para-toinkle, the President nothing. So 
far the criteria for the rocogmtion of a para-cnnkle had been —.farfad 
The President should, however, be a earner, a scion takm fiwm it on 
July 31 and put on to Arran Victory faded to excite any reactum in 
the latter It may well be that this was due to the lateness of the season, 
or it may be that there was some other &ctor at work It was fnnnii 
that late in the season this same President plant threw up a new f**!" 
from the tuber which showed unmistakable Y necrosis. 

Another experiment of the same type was made m which both the Di Vanion 
and the Y were mtroduoed by grafts on to an Arran Victory 
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Pot No 144/146A/A/31 —^At first the Arran Victory host reacted as it 
would to a simple Y infection^ but soon thu became mtensified and the 
plant had the appearance of a perfect para-crmkle Grafts were talceo 
from the plant as before, that in Arran Victory produced a para* 
onnkle but that in President rapidly developed T symptoms, whether 
it was also cartyrng para*cnnkle remains unsolved, A pair of scions 
were taken a montli later and put lu to Arran Victory and President 
respectively with similar results 

This second attempt was not so satisfactory as the first, inasmuch as it is clear 
that the Y virus—whether some of it b<* ]omed up m a para-crmkle complex 
or not—IS both free, abundant, and active within the juices of the host It 
will be noted tliat although the Y virus rendered itself still apparent, the latent 
streak of the Di Vernon wlm^h produces a very severe top necrosis on President 
was thrown entire^!} out of at turn This fact, alone is evidence that a 
re-assortmeut of the virus elements must have taken place 

In the writer’s mmd there is but little doubt that para-cnnkle has been 
reconstructed in these two experiments, though its isolation is moomplete 

§ 32 The SynJthem of ZX and Y —In the field we have crinkles similar m 
appearance to Crinkle ‘ A ” m President whieli, as far as we know, have the 
composition ZXY Such are the common crinkles in Myatt’s Ashleaf and 
Irish Chieftam Only two <‘X})enments were made, the viruses being mtro- 
duced as Z, X and Y by grafts Both ended in failure, inasmuch as the Y virus 
overran the stock plants Wfort' any interaction had manifested itself 

Pot No 200/140/P - In this the Y virus took complete control of the host 
plant 

Pot No 200/144/A —Both sources were mtroduced by grafts, a onnkle m 
the Arran Victory stock developed, whose characters resembled those 
consequent on a Y infection from which it differed, however, m ending 
up as a Leaf Drop streak, an event which does not occur m a simple Y 
infection of this vanety 

We may conclude that no success has attended these efforts to synthesis 
ZX and Y, 

§ 33 TAe 8ynihe8%8 of ZY and X —The expenments fall into two groups 
The one where the para-crinklc employed was actually a cnnkled saon from 
an infected Arran Victory, the other where the para-cnnkle scion was derived 
from the latent form as it occurs m an infected President 
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Pot No 249/216 3/31 —The para-cnnkle sciim waa giafted into an X-mfected 
Ftesidcnt, the only reaction was a wtj mild mterveinal mosaic 

Pot No 249/215/A —The pata-citnide waa grafted, the X inoculated into 
a healthy Arran Victory plant The scion was never vigoroiia and only 
a mixed mottle developed 

Pots Nos 249/216/P and 249/2l6/Pi —^The procedure m these two eiqpen* 
ments was the samt' as in the last, the stock plant being a healthy 
President In these plants a fairly defimte Crinkle “ A ” developed 
and then receded A scion removed from each grafted to a fresh 
President produced a crmklo in one and an mterveinal mosaic m the 
other From this it seems possible that we have built up a cnnkle of 
the composition ZXY' 

If such 18 the case the next year’s trials will readily decide the pomt, then 
we shall have built up artificially that section of the Omkle " A ” group 
which IB represented by Irish Chieftain and which difEers from the Ifresident 
Cnnkle “ A ” which has been successfully reconstructed by containing a T 
m addition to ZX 

In the Qtmp It 

Using the President carriers as the source of paia-crinklc, X was added to 
it five times, three by graft and two by moculation In no case was the 
reaction more than a mild mterveinal mosaic which was doubtless due to the 
free action of the X virus 

§ 34 A further experiment consisted m muting the vunis present m the Di 
Vernon strc'ak earner—^which for reasons detailed m § 31 was considered a 
likely source of the Z virus—with the X virus This streak carrier produces 
a severe mosaic in Arran Victory and a top-necrosis streak m IVesident The 
* union of the two was brought about by grafting the Di Vemmi and inoculating 
the X mto a healthy Arran Victory, pot No 146/I67/A/31 The result was 
a perfectly good Crinkle “ A ” On a President basis the result was death from 
top-neorosis streak A graft from the ennUed 146/167/A ^ant to Presidmxt 
produced no streak but a frmt mosaic. This experiment emphasises the 
importance of the plant’s internal environment, m the President host the Ih 
Vernon complex and the X virus appear not to have effected any lecon* 
struetKm, but the former has gone its own way and killad the plan* In the 
Arran Victory, on the other hand, something quite definite has happened: 
the typical clmicol picture of Cnnkle A ** has been produoed, iHiibtthe vims 
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ooatent of the plant has been so far modified that when a sidi-gtaft nms made 
on President under conditions fully favourable to the normal Di Vernon streak 
reaction, nothing happened barring a transieat mild mosau 
It IB of course impossible to state m terms of Z, X, and Y, exactly what 
has taken place, but the experiment has been recorded here because it throwa 
light on the manner m which viruses form new complexies, whose behavurar 
may be something very distmct from that of the oonstitnent elements or snb- 
gtoups which entered into the rccombinatum 
§ 35 In the efiorts to build up a complex ZXY, attempts have been described 
involving the combination ZX, Y and ZY, X The third and far the most 
promising combination XY, Z has not been mentioned This is due to the 
fact that owing to an oversight the supposed source of XY which was used 
was not in reality such, but only X Now that wc have a reliable source of 
XY, there is good hope of effecting this synthesis successfully, using as Z 
the N branch of the split para'crmklc pot No 260 
§ 36 The Rdaiton of Chnvedl Reactvm to Ftrus Content —Oluucal expres¬ 
sion as a consequence of virus infection is dependent on the vancty of the 
plant, the nature of the virus, and the character of the environment This 
latter as far as possible has been kept uniform, the varieties in the mam are 
two Arran Victoiy and President, with whose behaviour in general we ate 
conversant The virus mfectors have been mtioduced under control luvd with 
a knowledge of their characters 

Smoe we have experience that one of these viruses, viz, the X virus, will 
produce clinical symptoms winch vary withm fairly wide limits on the same 
potato plant withm the same season, it would serve no useful end to be too 
meticulous m the definition of these clinical states 
Adhering to the simple olassification as already defined, we may tabulate 
(p 212) the relation between clmical d^oeesion and virus content The 
staceak-produemg viruses still await adequate analysis We know that the 
Di Vernon unit 4A contams Y and almost certaudy Z, and that the Di Vernon 
umt lA and the Uptodate unit 7A oontun oertamly X and Y, but whether 
Z or any other virus element is present m addition is unknown 
§ 87 The Oreaium of Vtnu Comers —By a earner is meant a plant which 
contains was elements or complexes withm it which, whilst exerting no 
visible reaction on the plant itself, will, when grafted mto anothmr and often 
intimately related variety, produce an acute roaction sometiiniM lesidtoig m 
death. Btnotly, not all carnets ore entirely devoid of visiUe symptoms 
thnmghout their growing penod. Some, such as King Bdwaid and President, 
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whea carrying para-cnnklc under normal < onditiouB present, almost invariably, 
a picture of perfect and luxuriant health Others, such as Uptodate and 
Duke of York, which so commonly harbour a streak lethal to many other 
varieties, frequently display a mosaic often fleetmg and always mild The 
writer has worked with two different umts of Di Yemen, the one unit lA known 
to contam both the X and the Y viruses and most probably the Z virus also; 
the second, unit 4A, contains tht* Y virus and the Z virus m certam but as yet 
undetermined oombmations, but there is no evidence of any X being present 
The two complexes may be differentiated by their reactions on different potato 
vaneties and other solanaceas The plants of either of these units during one 
and the same season may be free from any appearance of disease or may from 
time to time present a mild vernal mosaic* We are ignorant as to what 
conditions of the environment, either external or internal, determine these 
variations m appearance In later sections (43 seg) evidence will be given 
for the view that the actual virus complex itself may vary m some oases, 
but whether that explains the slight changes noticeable m the case of Uptodate, 
Di Vernon, and other known earners, must be left at present unanswered 
At the moment we have insufficient critena with which to distmguish these 
cases from the more completely stable class of earners 
It is scarcely necessary to point out that the phenomenon of the earner is 
an essentially different one to that of resistance to virus infection, the oocurtenoe 
of which m the potato is still unproved In other plants, such as cucumber, 
tomato and some xucotians, such resistance has been shown by several authoors 
to have a genetic, i c, a chromosomic basis The “ earner property is more 
probably a character of the cytoplasm As far as the wnter’s observations 
go, the passage of a complex through the body of a carrier plant has no influenoe 
on its subsequent virulence when returned to a suseeptiblo plant, which would 
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sapport the view that it la the oonatitutioit of the host’s jiuoes lather than 
theix action on the vitns complex which detennines the conditum 

§ 38. In the coarse of the writer’s attempts both to zeprodnce the dmical 
diseases by synthesising the mut vixus elements, as well as m those to btmg 
together witbm one plant two distinct and recognised diseases, a few cases 
have been met where the result of such umons has been to leave the mipient 
host m apparently as healthy a state as it was before It is true that, as m 
the case of Uptodate and Di Vernon, a transient and mild reaction may super¬ 
vene, so it has been m these experimental cases, but if we may regard the former 
as true earners, it would seem pedantic not to regard these artificial combina¬ 
tions as such too What they are carrying we know more or less exactly m 
the terms of Z, X and Y, but how they ore combmed uid what their efEeots 
on other varieties are, remains yet to be worked out Only those cases have 
been included m the list of artificially induced oamers m which there is every 
reason to bebevo the constituent viruses entered, namely those m which the 
grafts grew freely and the moculations were made with virulent juices over an 
adequate area of leaf surface 

Artificial farriers arose from the following recombinations — 

§ 39. CwuMwvl Vvnism ZX + X —In this group there were three oases 
already referred to in § 28 In two there was a fleeting mild mosaic, m the 
third nothing , yet ZX if acting alone should react with a crinkle, and X with 
an interveinal mosaic 

§40 CotuMuent Vmues ZY' (Pam-onnkls m President) and X.-~la an 
experiment referred to m § 33, vis, Pot No 486/171/31, a President already 
infected with X was grafted with a President carrying para-cnnkle (that it 
was doing so was proved at the same time by grafting a scion from it to healthy 
Arran Victory) The scion grew, but the effect of the imum was to leave the 
very mild mtervemal mosaic already present in the X plant m statu quo After 
an mterval of 7 weeks, a scion was removed and put to a healthy Arran Victoty 
plant; the scion itself grew from 2 mches to over 12 mohes before the end 
of the season, yet the host plant displayed no sign of para-cnnklo but only 
a very fleeting and mild mtervemal mosaic which was scarcely noticeable 
In this case we have m some unexplained maunex converted the highly active 
virus complex of para-cnnkle mto a non-viralent form m the body its most 
suso^ible victim by the addition of a furtha virus demmit. 

141. OonsMusfrt Viruses ZY' {Ptm-rniddeuiAttm Vittory) and Z Y.. 
(ZH Vernon mst 4A , Streak Comer).—Pot No 146/138/A/31. In this cose 
both complexeB were brought together on Arran Victory, which reacts normaHy 
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with a severe ormkle to the paxa-ennkle vmus complex, and with a vamUe 
rathet blotchy vernal mottle to the Di Vernon The grafts were made on 
May 29, which is perhaps the very beat tune of the year for such work, and 
grew well The host plant after showmg a slight clearing of veuis remauied 
healthy to the end of the aeason 

§ 42 It was at one time thought that the presence m one plant of Gnnkle 
“ A ” and para-cnnkle resulted m a condition in which neither exerted their 
morbid influence In one case this actually was so, but the Crinkle A 
scion, although it grew and lived throughout the season, was at no time vigorous 
In two other examples m which, like the precedmg, the Crinkle “ A scion 
was grafted into Presidents carrying paia-crmklc, the resultant efiect. was not 
a suppression of symptoms but a very real delay m the appearance of any 
reaction The mcubation period of a virus complex, other things being equal, 
IB, we know, dependent on the constitution of the complex The further 
relation between the nature of the symptoms suppressed and the period of 
mcubation required for their exposition might be the decisive factor m the 
production of a potato virus earner m the flrsl season of its infection 

§ 43 VtrtM Coni,'plex Dtsiniegrahon^ Auto-tnfection —In § 14 a plant has 
been described where different sprouts from an infected tuber displayed 
different clinical signs and contained different virus elements Two similar 
plants were observed but not studu^l If now a like event were to happen m 
the case of a plant which earned—m a latent condition—^a complex built up 
of two or more viruses either of which when alone might be capable of producing 
lesions on its host, it would not, under such conditions, be suipruung were 
either a port or the whole of such a plant, when grown on from an infected 
tuber, to fall a victim to one or other of the constituents of the complex 
it had hitherto earned 

Such an event has been observed by the wnter A stock of King Edward 
canyrng para-cnnkle under close observation since 1927 retamed its healthy 
appearance throughout The stock in 1929 was all derived from an ongmal 
tuber introduced m 1926 In 1930 a large batch of this material bad been 
raised m the spring and had behaved normally , some tubers, however, were 
retained under msect-free conditions through the summer till July 28, when 
13 tubers famished with a sec^md crop of long sprouts w^ potted up Six of 
these plants exhibited a peculiar very finely reticulated crinkle of a type which 
bad never been seen before , the remainder varied from a suspicion of a mottk 
to a more or loss severe mosaic Some of these ciinlde plants were gro wn on 
by tuber m 1931 and reproduced the same symptoma, whilst others devek^ed 
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{dants which were practusally healthy m appeaxaaoe* In 1931 the crinkled 
Edward wbb found by testing on tobacco to contain the Y virus m a free state 
throughout its tissues On President it produced a mild crinkle suggestive 
of the Y infeotion, but no necroses ensued as would be cacpeoted with a pure Y 
infection Grafted to Arrau Victory the crinkle produced was less pronounced 
than that of an ordinary para-crmkle These reactions support the view 
that the Y' of para-ormklc may differ somewhat from the normal Y. 

If the Y virus be inoculated to a symptomless King Edward plant of the 
original stock the latter rapidly develops a fine vernal mottle, pasflmg to a 
crmklc identical with that which appeared spontaneously m the plants under 
discussion 

There is no reason to think that this phenomenon is duo to accidental inocula¬ 
tion Not only is the store funugated the whole year thniugh twice weekly, 
but of the tens of thousands of tuliers wluch have been stored therein during 
the last 4 years and from which plants have been raised, not one has ever 
aroused a suggestion of extraneous infection 
§ 44 It IS suggested that the para-crmkle complex m these King Edward 
plants has broken down and that this breaking up of the virus complex m the 
Edward carrier imght very well ha\e followed the secondary growth of long 
sprouts Indeed, Valleau and Johnson (1930) have recorded a very similar 
phenomenon in the Irish Cobbler, where a difierent virus content was observed 
m the tips of a long and etiolated shoot from that m the proximal portion 
It IS extremely difficult to prove that a phenomenon such as auto-mfection 
occurs m the field The writer has found protection by cages and the like m 
the open to be emmently unsatisfactory, and the exclusion of seasonal infection 
by observations, however early, can never be absolute It is rather on a baknoe 
of oonsidetations that a decision »-and tliat not a conclusive one—can be 
reached The following facts suggest that auto-mfection in King Edwud 
may not be mfrequent In 1930 two small field plots were grown m isolation 
from glasshouse tubers each belonging to a difierent stock from that referred 
to m § 43, and each one selected in 1926 and kept under close observatum 
smoe then. 

These two plots of King Edward, together with plots of Abundance, Arran 
Oomrade, Aizan CSuef, Arran Victory, Great Scot, Kerr’s Pink, Majestic and 
Sharpe’s £:qnese, were all planted at a mmimum distance of 100 yards from 
each other and any other potato both m 1980 and 1981 
On July 2,1931, there were Scut of 178 King Edward plants, or 4*Speir cent, 
showing the peculiar mmkle observed in the plant discussed in § 48 Two of 
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these were tested on to tobaccos and gave the deamig oE veins peculiar to the 
Y virus On Datura the results were negative and there was no evidence of 
the X virus On President the scions were poor and the reactions were not 
typical, no necroses occurring On Arran Yictoiy a rather feeUe paia-onnlde 
was produced On the other hand, on Epicure a fairly typical Y leaf drop 
streak occurred Of the 86() plants of the other 8 varieties, all of which were 
denved from field plots grown m 1930 under precisely the same conditions as 
the King Edward of that year, there wore at the same date but 10, » e , 1 1 
per cent showing any trace of any kind of virus disease Inasmuch as all the 
plants from which seed was derived apjieared healthy m the 1930 plots and all 
were exposed to the same danger of infection m that year, it is difiicult to 
believe that some new factor has not intervened to bring about an increase 
of four times m the incidence of an infection normally conveyed by the gnien 
fly, m one variety only out of nine 

At the end of July, 1931, a few seasonal mfections made then appearance 
m the other plots, especially the Kerr's Pink, but none were seen in the King 
Edward plots 

It may be urged that the sick King Edward plants were the sequeks of late 
infection in 1930, but if such hod been the case one would have expected a 
still heavier incidence and an evidence of similar infection m other plots 
This latter was noticeably lacking The occurrence of a few T miected planta 
m the King Edward plot, together with the almost complete absence of such 
m the Arran Victory, Epicure, Abundance, Arran Banner and Majestic plots, 
all of which react readily to Y, suggests that there was some special factor 
cesponsible m the case of King Edward, and the wnter suggests that this 
factor IB auto-infection following the break up of the para-onnkle complex 

§46 How often such cases of auto-infection occur m the field in other 
varieties it is impossible to say, but they may not be so rate Thus, the 
writer has collected m the field in Ireland tubers from apparently perfect 
plants of Irish Chieftain which, gathered m June, have been brought home and 
grown m the following season imder glass Nino such were tested by grafts 
on health) Arran Victory and healthy President, as well as by inoculation to 
Datura and tobacco One Irish Chieftain plant develi^ped a vufient crinkle, 
whilst the lemammg eight showed sbght symptoms of vmis disease, mottfy 
a doormg of the veins which in several oases disappeared The reaction of 
these on healthy Arran Victory and President varied from severe otmlde to a 
clearing of the vems and di&red considerably not only m each unit but also 
os between Ansn Victory and President m each case. A further batch ci 
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seven Inah Ohieftam tubers received from Professor Murphy as virus-free 
and derived from plants hitherto appearing as healthy m his glasshouses were 
grown on by the writer in the foUowmg season under mseot-pioof conditions 
Three developed a severe cnnkle, two a mosaic, and two more were highly 
suspicious One which developed mosaic appeared healthy m the following 
year and gave no reaction eit her on Arran Victory or President The remainder 
were discarded 

It IS obvious that some of these apparently healthy plants were m reahty 
oameis, and that their virus content^ that is, the complex ox complexes of 
viruses they harboured, was subject to a not infrequent rearrangement 

A similar state of flux as regards the virus complex carried has been observed 
m the variety Gkilden Wonder, more especially m the selected stocks of this 
vanety lately put on the market. 

Both of these varieties offer ready material for the study of the phenomenon, 
be it one of balance or of unstable equihbrinm between the virus content and 
the environment, mtemal and external, of the oaitying plant It is the latter 
of these two conditions which it is suggested leads to a breaking up of complexes 
and consequent auto-infection of the earner plant by one of its constituent 
vunises. 


We may accept it as proved that m the group of mosaic diseases of the potato, 
one or more of the three viruses X, Y, Z oocur, whether there are still others 
must be left open till evidence of their existence is adduced, and further that 
oertom defimte clmical diseases of the potato are due to the presence of two or 
mcoe of these elemental viruses within the plant at the same moment. Such 
a grouping of virus elements is spoken of as a complex What then is the 
nature of the relation existing between tbe elements of a complex withm the 
tissue jmoes of the potato plant I 

It is clear that whatever this relation may be in the potato plant itself, it 
by no means neoessanly remains the same when the identical virus complex 
IB transferred to an alien environment such as that of the tobacco or Datura. 
Keimetb Smith (1931, b) has shown how a mixture of X oud Y mtroduced 
into tobacco will separate out withm that plant, and that each virus can, at 
an appropriate moment, be recovered in a state of punty. McKinney (1931) 
shows the same is possible m respect to the yeUow and green mosaics of wheat. 
Storey (1930) has shown a similar dissociation and consequent separation of a 
mixture of maice and cane sugar mosaic viruses withm the mat se The writer 
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has shown how passage of the pasa-ctmkk complex through a Datura 
with leaves wiU break down the complex and remove one of its oonstitueota^ 
namely, Y 

It must be realised that whilst m the tobacco plant, for example, it is probable 
that the X or Y viruses coexist as a mere mixture, there seems every reason 
to doubt that the same holds good when the same virus elements coexist m 
the potato We have m the case* of President plants containing the reduced 
crinkles of the Myatt's Ashieaf and Irish Chieftain group, examples where the 
X and Y vmises are present together and produce a variable but generally 
mild interveinal mosaic very similar to that induced by the X virus alone 
Now as this variety is peculiarly susceptible to a severe necrotic disease in the 
presence of a pure infection of the Y virus, it is difficult to regard the reaction 
actually induced when both X and Y are present as due to a mere free mixture 
or balance of the two viruses It appears to the writer that some form of 
combmation lias taken place between them, some type of linkage is set up 
between the two elements, which results m a reaction which is essentially that 
of XY and not X + Y In support of this contention is the case of para*crmkle 
m which Z and Y' are both present, scores of tobaccos have been moculated 
with this complex, but never have we obtamed a Y reaction It is only when 
the aphis is brought uito action that the Y element is extracted from it The 
supposition seems unavoidable that the Z and the Y' are linked together 
within the potato in some relatively stable grouping A further reason for 
adopting the view that the complexes which have been under consideration 
are built up by the Imkage of the constituent elements and are not a free and 
unassociated xmxlure of the same is the fact that, apart from the exceptional 
eases referred to m § 43, mdependent action of a constituent virus withm the 
host IS not observed As the virus clement Y is so oommou a constituent of 
the complexes studied, and its presence when free m the potato so readily 
demonstrated m the test plant President, it is anomalous on the theory of a 
free mixture that we do not find occasional buds or shoots of an XY plant 
displaying pure Y symptoms, yet such has not been so far observed 

The combination of Z and X and ZX and Y m the two typos of Crinkle “ A ” 
are equally cases m pomt Z alone on President has no action, X on the same 
variety produces a mild mosaic, but ZX mduces the quite distinct tram of 
symptoms we call Crinkle “ A,” whilst the further addition of the Y dement 
to it makes very little difference to the clinied reaction 

A peculiar feature of virus behaviour is that when a plant is cartyatg ft 
complex ocrnUuning Y, a further mfsotiOQ of T will uevertheleM smoaSiy 
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prodaoe its specific leactiom The following are examples of this type of 
behaviour — 

In the case of para-crmkie carried by Kmg Edward, an infection with Y 
produced a defixute reaction m the Kmg Edward, although Y' was already 
present m the complex it was carrying 

In the case of the Di Vernon, its complex which contained Y was transferred 
by graft to a healthy plant and Y mtroduoed simultaneously , here, as we have 
seen m § 31, we had reason to believe that a new complex, namely, para- 
cnnkle, was created, although there was evidence that a certain amount of 
Y was free m the tissues 

In 1931 there was growmg on the Cambridge University farm a crop of 
Uptodate whose general health was excellent Several plants were exammed 
for any possible virus content and such were foimd to contam the Y virus and 
m one case the X m addition At one comer of the field the writer’s President 
stocks infected with Y wore growmg, and towards the end of the season a 
deep frmge of diseased Uptodate plants showing the Y symptoms was seen 
radiating out from this same focus Such plants were presumably suffering 
from an added seasonal infection of a virus which they themselves already 
earned 

It might be argued that such results as these are due to mixtures, and the 
final effect IS the resultant balance between the actions of the coexistent virus 
elements 

Suoli a vww IS, however, difficult to mamtam because we know that virus 
elements such as X and Y can multiply withm the plant mdeimitely and the 
initial quantity of each constituent mtroduoed would be unlikely to be a 
controlling &ctor It would seem more reasonable that these coses ore to be 
interpreted as being due to the fact that the complex, say, of para*crinkle ZY' 
IS sufficiently firmly knit together to prevent it readily linking up with any 
fiirther element each as the free Y that has boon added, but that both the 
complex and the Y m such a case exert their respective influences inde- 
pendtintly. 

The relation of the Z virus m some of the complexes such as that of ZX and 
ZXYp seems to be different m respect to the X and Yelements than is the relatum 
of these two to each other Simple moculaticm as opposed to grafting will 
cause the Z virus to be readily separated off, wlulst still leaving X and Y 
combined. The ties by which it is held are apparently less stremg than those 
Ig^kiug the latter On the other hand, m both para*cnnkle and one of the 
Oi Vetnoa streak compte»s, it is more securely bound to its partinera, lor 
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oeither of these complexes will pass either as a whole, nor do thejr dissocMtie 
by mere mooulation to potatoes 

The oicasional splitting of the para-cnnkle complex (§ 14), on the other hand, 
. shows that the complex is under certam oonditionB capable of aptmtaoeouB 
disruption It is to be noted that such dissociation takes place at pomts of 
great meristematic activity, namely, the buds, and may indeed be correlated to 
the phenomena of somatic mutation which, as Asseyeva (1927) and the wntex 
(1930, e) have shown, are particularly common m the buds of the potato 
tuber A certam type of such mutations has been proved by both anthon 
to be due to the chimaeric character of many of our domestic potato vaneties 
whore the presence of two genetically distmct tissues coexistent in one tuber 
can be readily demonstrated If we are right m assuming that the equiblmiim 
of a complex is inherently bound up with the cytoplasmic environment m 
which it occurs—a ihange m that environment due to the rearrangement of 
the tissues might, not unreasonably, be regarded as a factor m the dissociation 
of a complex which has primarily existed m either or both of them 

The peculiar action described m § 38 ct seq, where an additional yims may 
occasionally hold up the action of an existing complex, suggests that m such 
oases a new Imkage system is forged, m consequence (d which an inactive 
complex results 

If then it bo true that the virus elements con and idten do combine to form 
dehmte groups within the potato cytoplasm, it is not impossible that their 
quantative relation may not be a simple one, t s, it need not be merely a 
linkage of a Z, an X, or a Y element one to the other, but it is easy to conceive 
of groups where n elements of one unite with n' demaits of another. Such a 
view IS doubtless speculative, but there is one piece of evidmce which suggests 
such a possibility When the virus Y was added to the Di Vernon complex, 
a new complex, para-cnnkle, appeared Now both the Di Vernon and pam* 
onukle contam Z and Y What then is the distinction between themt 
Leaving aside the possibility that there may be an undiscovered virus ele m ent 
which diflerentiates them, it is not impossible that the difference is quantative 
and that if the Di Vernon complex has a constitution which we may wnte as 
ZY”, para-cnnkle might have a constitution whidi would be rqnesented as 
ZY”*^^ If the evidence is weak, and assuredly it is so, it would not he wise 
to exclude the consideration of such a view altogether. 

The writer would guard agamst being understood to inqply that he regards 
these linkages as equivalent to chemical valencies, rather would he conp^aie 
them to the affimties which Imk different endowed odhilar natts into one 
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arganic atruoture Or, to take a familiar suoile, a mere xmxtuio of viroBefl 
might be compared to three strangers present m a street, each going about 
hiH own business in his own way—one loitering about the shops, another 
heading m one direction, a third rtixuung m the other The type of bnkage 
which it IS suggested is at work in a vmis complex is one that would be repre¬ 
sented by these same mdividuals marching arm m arm m one defimte direction 
at a defimte pace and with a definite purpose Such a tno is for the tune a 
complex, but not necessarily permanent, rather is it one which would readily 
disrupt if translated to a strange environment or exposed to an unexpected 
encounter One need not press the simile, it is the difference between an 
organised and unorganised collection of imits 
Whether viruses are to be regarded as living organisms or as non-living 
enzjrme-like bodies, is beyond the scope of this discussion The suggestions 
put forward, however, an* consistent with the view that the viruses may be 
living organisms which have acquin^d, perhaps by the very reason of their 
extremely mmute suse, special relationships between themselves and their 
environment which allow of the building up of groups or complexes capable of 
existmg and multiplying as such withm a given environxnent 

Throughout the last 18 months 1 have received abundant aasistanicc m 
every respect from Mr F C Bawden, to whom I most gladly tender my best 
thanks 

Sumnmry 

Following on the isolation of the X and Y viruses by Dr Kenneth Bnuth, the 
wnter has discovered a third virus element which he lias named the Z vuros. 
A table is given of the reaction on diffenuit potato vaneties of each of these 
three viruses acting alone under glasshouse conditions 
The Z virus acting alone has a very limited pathogemcity, but aotmg in 
unison with either X or T, or both, it brings about the (diseases we know as 
Ckmkle A ” and para-crinkle It is also present m a streak-carrying Di 
Vernon and probably in many other infected plants 
As a result of both analytical and synthetic methods it baa been possible to 
ascribe compositions in terms of X, Y'and Z, to certam definite climcal virus 
diseases. 

Vfhm certain of the virus eleiiimts X, Y or Z, are brought together expen- 
iMotally m appn^xriate grouping, it has proved possible to build up such 
cHnical pictures as Interveinai Mosaic, CSrmkle A,'* and Faea-onnkle, t e , 
vmsB oonqdexBS have been synthesised m the potato. 
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Beanon is given ior thv suggestion that the T' of paia-orinlde diltes CKXOSSwhat 
from the common Y of the other potato diseases There is not at present 
enoogh evidence to claim for it a substantive position as a distinct virus 
element 

The reaction of a virus complex is not the mere summation of that of its 
two constituents A vims complex is not a mere mixture—^it is a linked 
group 

The view is put forward that the grouping of the vmis elements m a oomplns 
IS not to be regarded as comparable to a chemical valency, hut rather to a 
linkage whose strength varies with the nature of the viruses (oucemed and in 
particular with the mteinal environment of the plant 

Evidence is given showing that the addition of a further virus element, or 
of a complex of such, to a pre-existmg virus complex may, in the fust season 
at least, bring about a condition m which no climcal reaction occurs and the 
plant behaves as a earner 

A virus complex when present m a potato plant and exerting on it a deflmte 
reaction, may at some active growmg point m the plant spontaneously break 
up and allow of one or other of its constituent elements to pass alone into a 
growmg bud and there express itself This phenomenon has been observed 
on three occasions in para-crmkle in Arran Viotoiy 

If a similar spontaneous splitting takes place ux a carrier plant, one of the 
free elements may exert a pathologu^il effect m its own capacity and convert 
the symptomless carrier into an openly sick plant Such a phenomenon is 
described as one of auto-infection It has been definitely observed in one 
variety and is suspected m two others 

Inclusions or X-bodies are found to be present m infeoticms produced by the 
X virus, or where the X virus is present, to be absent m those consequent on 
the Y virus alone and, with a doubtful exception, absent m that due to the Z 
virus alone 

DESORIPllON OF PLATES 
Flatk 6 

Fia 1 —Pot 168/31 A leaf of President infected witli Crinkle “ A " as a result of grafting 
from a similar plant The bright motUing, waving and defonnity are the oosunon 
characters of onnkle 

Fm 2 —Pot 167/31 Arran Victory infected with Crinkle ** A *' as a result of inooulatimi, 
IHOducing a rather diffuse, ntikl mosaic with no deformity or of crinkle 
Fxu. 2 —Pet 250/P5/29 The top of a Praudent plant showing an infection fay graft 
with Onnkle ** A ’* in the current seaaou This onnkle contains the vimaes X and 
Z The signs of disease sre similar to those eeen in fig 1. Tb» ol ^ 

mottling IS not so great as that shown m fig* 4 
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IHseasea ef lAe Momgic Tf/pt* 32S 

Tm 4-*Pot 730/2d The top of a Preddeixt plant ahowing an infeotion by graft with 
Orinkle ** A " denved from Jhfyatt’a Aahlaal and containiugthe vinu element X« T 
and T Z The aigna of dieeaee are atxmlar to thoaeaeen inflg 1, bnt the brillianoe of 
the mottling is considerably greater 

Platib 7 

Fso 5 —^Pot 144/Dat P /31 A healthy President plant on which has been grafted a 
leaved Datura scion on which is a scion infected with the Y virus This latter scion 
IS partly obsoorcd in the photo by the Datura leaves* The President remained 
perfectly healthy thronghout the season 

FlO 6 —Pot 144/Dat Pl/31 A healthy President plant has been grafted with a leafless 
Datura stem on which has been grafted a Y-mfeoted scion The President is dying 
from leaf drop streak as a result 

FlO 7.—Pot 250/31 An Arran Victory plant mfootod m 1928 with para-cnnkle m which 
the virus complex ** split *’ in 1931, giving nse to one diseased shoot D and one quasi- 
healthy one N On the latter slioot it is to be observed that the veins are cleared * 
it contains the Z virus 

fto* 8 —^Tho same plant as m hg 7, but removed from its pot and washed so oa to show the 
relation of the shoots D and K to the mother tuber 


Plate 8 

1^0 9—Pot 221/29 A leaf from an Arran Victory plant which has formed the haaal 
stock of a double Datura graft with leaves, with para-cnnkle as the infecting scion 
The mosaic mottle produced is due to the vums Z, which is the same as that present 
in the N* shoot shown in figs 7 and 8 

Sia 10 -^Pot 250/A3/29 An intermediate leaf of an Arran Victory plant infected by 
grafting with Cnnkle ** A ’* The mottling is mainly vernal, waving and deformity 
is slight, though often more marked than shown here 

Pio 11 —Pot 249/AA2 A lower leaf of an Arran Victory plant infected by grafting with 
Ortnkle A " in the latter part of the season* The mottling is now very diffuse, Uie 
surface smooth and oharacteristioally glazed 

Plats 9 

Fm 12.—^Pot 669/K Kd Dai Al/30 An Arran Victory plant in which a Cnnkle “ A ” 
has been 83 mtheBised* Note the similanty of the lesion m the upper part of pluit 
with that shown m fig 10, and in the lower part with that m fig 11 

Flo 13 —Pot 659/K Ed Dat Fl/30 A leaf from a President plant in which Crinkle 
“ A ” has boon synthesised Compare with fig 1 

Fm U —Pot 146A/231A/31 A leaf from an Arran Victory plant in which pam-oiinkle 
has been syntheeised The veinoi mottling, the extreme waving and defonBity» are 
of the same intensity and character as those m normally infected Arran Viototy 
plants. Compare fig. 15 

Fn. Iff —Pot 138/3L Theleaf clan Arrim Victory plant m its third seam cl infect 
with para>*crinkle. 
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The Effect of 8faced Radiation on Tissue Cultures m vitio 
By F Ct Spkab (from thn Strangeways Rt'Hearch Laboratory, Cambridge) 
(Communicated by Sir Frederick Andrewcs,F R S —Received December 16,1931 ) 

I Effect on Mitosis 

In a paper by Canti and Spe^ar (1929) it was shown that cxiKisure of tissue 
cultures to 100 mg radium* (element) for minutes at 0 5 cm (platmum 
filter 0 5 mm ) producAsd a fall m mitosis follow(*d by a compensatory incnease, 
after which mitoses became normal, fig I The same paper described the 
vanation lu mitotic activity at different periods after exposure to the same 
radium for 9 minutes From the data given it is possible by interpolation, 
to construct u “ mitosis curve ” for the 6 hours following an exposure of 
5 minutes* duration, fig 2 

The foUowmg experiments were made in order to study the effect of two 
iiTadiatious of 2^ mmutes each, separated by two different time periods 

♦ The radium was kept in a circular container 13 inm in diameter and 1 mm dwp 
(internal measurements) 
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Effect of Sjiaced Rad%at%on on Tisme Chutes 

of Expervments —To compart* the effect od mitoBis m vitro of exposure 
to a continuous irradiation with the effect following exposure to a spaced 
irradiation of the same intensity 



Fio 1 —^urvo showing thf* variation in iiiitOHiH tlunng the first 0 hoiirH subsequent to 

an irradintion of 2| minutes 



Fxo 2 —Curve showing the variation in mitosis during the first 6 hours subsequent to an 

irradiation of !> minutes 

Method —The matenal used was deiived from the choroid and sclerotic of 
fowl embryos and was grown m fowl plasma and embryo extract by the hanging 
drop method 
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Growths of the second subculture were used Exposuros to unadiatunx 
were made ux the special apparatus described m a previous paper (Canti and 
Spear, 1927) In the present experiments comparable sets of cultures were 
selected , one was kept as control and the other was exposed to 100 mg Ra 
(Ft filter 0 5 mm ) at 0 6 cm for 2^ mmutes and returned to the mcubator 
After an mterval of 2§ hours following this first irradiation, the experimental 
cultures were exposed to a second irradiation of the same duration and at the 
same distance as before The cultures were fixed and stamed 80 mmutes 
after this second irradiation Other sots were given a similar double irradiation 
and were incubated for 2| and 4 hours respectively, subsequent to the second 
irradiation They were then fixed, stamed and compared with their corre- 
spondmg controls 

A second senes of cultures was irradiated with an interval of 80 mmutes 
between the two exposures One set of specimens was meubated for 80 mmutes, 
and another for 5^ hours, following the second irradiation, and after incubation, 
were fixed, stamed, and comjiared with their corresponding controls 

Results —The experimental conditions and the results are summarised in 
Tables I and II and are plotted as curves m figs 3 and 4 


Table I 

(Figures m italics refer to controls, those m roman type to irradiated specimens) 



AvBjrage por sbdo 


Per «ent 


I 97 I m \ ^0 \ 149 \ 123 I 292 | 120 1S4 107 W \ 106 


10 37 7 20 2 48 7\ 20 26 7 17 B 31 4\ 37 


Thc«e hguiM m taken horn tlw eaciwr OtUtaru weiwimdiatedforSliaiiititos, 
paper by CanU and Spear (1920) returned to inoubatorfor 2} hottfs, tW 


S ren a aeoond axpoanxe to mdinai for 
minutes and examiiied niter period 


indioated. 
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Fio 3 —Curve Hhowing the vanation in nutoais after each of tTvo irradiations of 2} ininiites 
The curve is drawn from the figures given in Table 1 

Table H 

(Figures m italics refer to control cultuxes, those m romau type to the irradiated 

sp ecim e ns) 

Fenod of incubation after POnod of incubation altar 

first radJation second radiation 




*1 

1 

— 

— 

1 


- 

- — 



1 33 minutes | 

HO minutes 

1 

1 

80 minutes 

hours 

Number of cells m 

SJ \ 

17 

2V 


11 

63 


11 

1 34 

1 ID 

mitosis 

30 

14 

31 


12 

40 


10 

43 

! 25 


32 , 

22 

24 


11 

30 


17 1 

20 

16 


3! 

U 

20 i 


0 

51 


IB 1 

22 

60 

1 

1 

1 





35 


25 1 

38 

23 







04 


13 1 


— 

Totnb 

9i 1 

(17 

103 


40 

292 

101 j 

167 

182 

Avenge per slide 

23 5 

16 8 

25 8 


10 

18 

_i 

lb 8 1 

u... 1 

31 4 

26 4 

Fbroent 

71 5 


38 

8 



34 


84 

1 




_ 

- 


\ 

- - 

- - 

- 



Those figures aru taken from the Ciilturos were irradiated for 2} 

earlier paper by Canti and 8pear minutes, rotumad to moubator for 

(1020) SO minutes, then given a second 

exposure of 2( mluutce umI 
_ af ter period indicated 

DiMtMmon —Oell division is a very 8<>nsitive biological indicator of the 
effect of radiation and affords a usefal means oompanng the efiectivensaa 
of oontmaotts and spaced radiation when the dose administered is only just 
above the miTiimiim threshold value required to produce a demonstrable 





Fig 4 —4'hirvr Nhowiii^' the vanetion in miiosia after each of two irracliationH of 2^ minutes. 

The curve u drawn from the f)gUK« given in Table TI 

effect at all With closes of this order, a slight alteration lu the time of 
administration produces a marked dificrenije in the effects observed, but tbe 
working margm ’’ is so narrow that it is extremely easy to miss such variations 
in effect altogether The question may be of importance, however, in con¬ 
sidering the effect of radiation on a cell (e 9 , on the periphery of a tumour 
undergoing irradiation) which is only just withm the range of the gamma rays 
The reason for the diminution in the number of cells m mitosis in tissue cultures 
after exposure to 100 mg radium for 2 ^ mmutes, fig 1 , has been shown to be 
due to the fact that while cells already m mitosis at the beginning of irradiation 
contmuo to divide m apparently normal fashion, a proportion of the other 
cells which would normally have divided becomes delayed m entermg mitosis 
(Stiangeways and Hopwood, 1926, Canti and Donaldson, 1926) Mitosis 
IS at a nummum about 80 minutes after exposure to radium and thereafter 
the number of cells ui mitosis mcreases and reaches normal 23 hours after the 
time of irradiation This pomt marks the limit of action of tbe radium, no 
further cells are affected as a result of the exposure Also at this pomt those 
cells which were delayed now begin to divide and consequently the number of 
cells entering mitosis per unit of tune is mcieased The “ mitosis curve ” 
therefore' nses, reaching a maximum 80 mmutes later (i e, 4 hours from irradia¬ 
tion) The only other likely possibility which could explain the nse in mitosis 
la that the tune occupied by the process of cell division is increased and expen* 
meats now liemg done by cinematography on this pomt* show that there is 
* Canti and Spear, anpubluAed work 
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no significant increase m the duration of the mitotio process after an irradiation 
of this order 

It appears therefore that irradiation prevents a certain number of cells 
from entermg division, but that after the removal of the radium these cells 
divide When speciinenB are fixed 4 hours after radiation has ceased, the 
maximum number of these cells m which mitosis has been temporanly inhibited 
are present in addition to the cells in division which have not been affected by 
the irradiation at all It would appear that few, if any, cells are actually 
killed or permanently pn^vented from entermg mitosis because the com¬ 
pensatory mcrease almost exactly equals the original diminution 

The results of the experiments described in this paper indiciate that, when 
100 mg radium are used, two irradiations of minutes each smtably spaced 
(i e, 80 mmutes apart) have a much greater effect upon mitosis than that 
following 6 mmutos’ continuous exposure The effect of the spaced radiation 
iH of the same order as one irradiation of 2^ minutes with 300 milligrams radium 
(Spear, 1931 (i)) 

A spacing of 2f hours (i e , 80 X 2 minutes) has a loss marked effect on the 
•diminution of mitosis 

The -^-shaped form of the curve of fig 1 indicates that an irradiation of 2| 
minutes (100 mg Ba) affects cells up to 2| hours previous to (visible) mitosis 
Therefore a double irradiation in which the spaemg-mterval is 80 mmutes 
hits a number of susceptible cells twice during their sensitive period Further, 
as described above, the first irradiation temporarily delays the onset of visible 
mitosis m a proportion of cells and it would seem that such delay mvolves a 
prolongation of the penod of “ premitotic ” sensitivity Moreover, delaying the 
mitotic process aLso seems to be correlated with an increase m the radio- 
sensitmty of a cell smee a second irradiation given 2} hours after the first 
prevents any of the delayed " cells from entermg mitosis during the penod 
of observation. The second irradiation also affects a group of coUs (which were 

out of reach ” of the first irradiation) in the same proportion as the ongmal 
irradiation, giving a W-shaped mitotio curve That mitosis should still be 
below normal 5} hours after the second irradiation, when the spaoing-mterval 
18 80 minutes, suggests that an irradiation of 2^ mmutes can produce changes 
in cells which are not demonstrable unless enhanced by a second irradiation 
given 80 mmutes after the first. 

A spacmg-mtervol of about 80 mmutes between the two irradiations seems 
to be the optimum for producing the greatest effect on mitosis Altemtion 
in this mterval, whether by increase or decrease, lessens the effectiveness of 
the radiation m reducing mitosis 
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II Lethal Effect 

I have shown m a previous paper (Spear, 1931 (i)) that exposure of tissue 
cultures to 300 mg radium (element) for 2| minutes at 0 5 cm (0 5 mm Ft 
filter) causes a temporary diminution in mitosis (which is minimum 80 nunutes 
after the exposure), normal activity being regained 6 hours after exposure 

It has also been shown (Spear, 1930) that tissue cultures may survive an 
exposure of 3 Jiours to 300 mg radium under the same conditions Four 
cultures out of six, however, died within 3 weeks 

The followmg experiments were made to determine whether a sliort irradia¬ 
tion, which produced only a temporary effect on mitosis when given once, 
could, by repetition at intervals, cause a delayed lethal effect m the cultures 
irradiated It was therefore decided to give a total spaced irradiation of 
60 minutes with 300 mg radium (element) actmg at 0 6 cm (platinum filter 
0 6 mm ) and to give the irraibation in 24 separate exposures of 2| mmutes 
each at intervals of 80 mmutes 

Object of Erpenment —To observe the effect on tissue cultures of short, 
frequently repeated irradiations 

Method —Cultures were selected from material grown for 24 houi's after the 
second subcultivation Of these 12 were used for irradiation and 12 kept as 
controls Exposures were made at a distance of 0 5 cm, to 300 mg radium m 
the special apparatus, previously referred to, placed on the laboratory bench 
Cultures were irradiated in pairs and during the period of exposure the corre- 
spondmgpair of controls was left on the bench outside the incubator so that any 
chilling efit'cts were the same for all the cultures The ooverslips wore resealed 
with paraffin wax penodically in case frequent alteration in temperature or 
radiation had produced any mmute cracks m the wax which would cause 
evaporation of the culture medium 

Twenty-four exposures were made, each of 2^ minutes' duration, i c, a total 
irradiation of 1 hour The cultures were returned to the incubator for 80^ 
mmutes between the irradiations 

The first irradiation was made shortly after noon on one day, and the last 
at 80 pm the following day Cultures were subcultivated immediately 
after the final irradiation and every 48 hours thereafter so long os they sur¬ 
vived Four were fixed for examination during the progress of the experiment. 

A seoond batch of 24 cultures was similarly treated 2 months later 

BeeuUs —The results are given m Table III, which summarises the historjr 
of each irradiated culture subsequent to expoauxe 
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Diicuasum —If these results are compared with those following continuous 
radiations (Spear, 1930), it is evident that the radiation effect is much enhanced 
by spacing the irradiation—1 hour^s exposure with spaced radiation bemg 
more effective than 3 hours contmuous irradiation The average survival 
periods followmg contmuous exposures of different duration described m the 
previous paper alrt^ady referred to were as follows — 


Table IV —300 mg of radium filtered through 0 5 mm platinum, acting at 

0 5 cm distance 


Hours 

of 

expoHuro 


Numljf^r of suboultoreH boforo death 


£aoh figure hu reference to ono irradiated specimen 


' Becovery of culture 


Average 


3 

20 * 

20 * 

10 

10 

10 

0 1 



10 + 

6 

8 

7 

6 I 

6 

6 

6 

— 

~ 

« 

0 

8 

8 

5 1 

4 

4 

3 

— 

— 

5 


5 

4 

3 

3 

3 

3 

3 

2 

3 

18 

8 

2 

2 

2 • 

2 

2 

1 

— 

2 

24 

2 

1 

1 

1 

1 

1 

1 

- 

1 


These average figures are plotted as a curve in fig 6 From the graph it u 
seen that a survival period of 7*3 subcultivations (»e, the figure resulting 
from one hour’s spaced irradiation) corresponds to a contmuous inadiatum of 
4| hours 

OlasBical work on the effect of dividing a given dose of radiation has been 
done by Regaud and Fertoux (Begaud and Ferroux, 1929, 1930) These 
workers have shown that, while it was impossible to produce sterilisation of the 
testicle of the rabbit by a single irradiation without causing severe damage to 
the overlying skm, complete stenhsation could be effected by means of a qtaoed 
irradiation which caused no ulceration of the mt^ument Using X-rays, the 
optimum conditions were about 6000 R units (8 0 mm A1 filter) given m five 
equally spaced fractions over a period of 4 to 9 days 

Alberti and Politser (1924), workmg with X-rays on amphibian larvss, found 
that the optimum spacing when only two irradiations were given was 4 days 

Bdinow and Mottram (1931) have recently shown that Jensen’s rat m-iwya. 
IS slightly more sensitive to spaced than to contmuous (gamma) radiation of 
the same total duration In this work also the mterval between tbe e:qiosiiMS 
was measured m days 
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I have previouely shown (Spear, 1931 (u)) that, when tissue cultures are 
exposed to radium at 1-day mtcrvals, it is immaterial whether a lethal irradia¬ 
tion IS given m one dose of 6 hours or m 
SIX equal fractions of GO mmutes at 24 
hourly intervals 

The present work suggests, however, 
that, at any rate with tissue cultures, 
effective use may be made of quite short 
exposures to radium if the dose is fre¬ 
quently repiMited at suitably short m- 
tervals which can be measured in minutes 
Smee with such an arrangement of doses, 
cells are not prevented from entermg 
mitosis, successive groups can be irradiated 
m the premitotic sensitive stage until the 
whole culture becomes degenerate 


Summary of Results 

(1) Two exjiosuroB of 2} minutes each, 
separated by a time-interval, produced a 
different effect from a continuous irradia¬ 
tion of 5 minutes 

(2) When tissue cultures were given 
two irradiations, each of 2J mmutes, 
with 100 mg Ra (element) at 0 5 cm (Pt 



nf MMNn 

Fio 5—Curve showing the averago 
survival penods before death of 
cultures exposed to continuous ir¬ 
radiations with 300 mg radium 
Tho curve isdrawn from thehgures 
given in Table IV 


filter 0 5 mm ), dimmution in mitosis was more marked when 80 mmutes 
elapsed between the exposures than when the interval was 160 mmutes 

(3) Repeated exposure to 300 mg Ra (element) at 0 5 cm (Pt filter 0 5 mm ) 
enhanced the effect of radiation It was found that 24 exposures, each of 2| 
mmutes, separated by 80-mmute intervals (t c, a total exposure of 1 hour) 
produced a delayed lethal effect equivalent to that following a oontmuous 
irradiation of 4| hours 
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6 x 2 229 597 48 Lepidosiren 

Experimental Researches on the Emission of Oxygen by the Pdvic 
Filamenls of the Male Lepidosireii vnth some Expenments on 
Symbranchus marmoratus 

By J T CuNNmoHAM, M A, F L S , and D M Beu>, Dept of Biology, 

Harrow School 

(Communioated by Sir Sidney Harmer, F B S —^Reooivod June 11 , 1931— 
Amended December 31,1931) 

The stage which the question of the function of the pelvic filaments of the 
male Xeptdonren had reached before the zeseaiohes desonbed m this paper 
can be seen by reference to the paper by dorter and Beadle (1930) and that by 
runnmgham m the previous year The researches of Carter and Beadle as well 
as those previously earned out by Oraham Kerr were made m the Oran Chaco 
of Paraguay, m the swamps of which regicm Lepidostrm is rather abundant 
But when direct expenments on the function of the filaments were eontem* 
plated the pohtical conditions made it inadvisable to attempt to visit this 
region, and it was suggested that Lepidostfm would be found m suffioieat 
abundance on the island of Mara]6 at the month of the River Amazon No 
evidence was obtained that the fish had recently been token m that idand, but 
three speoimens, all from the same looabty, namely a papyrus meadow " 
near Fazenda Dunas on the north coast of the island, were recorded m 1896 
and 1898 by Dr Emil A Qoeldi, Director «id founder of the Mus6a Goeldi 
at Belem 
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It w&B therefoie decided to oiganise and cany out an e 3 q)edition to Maca] 6 . 
The equipment was piepared in the Fhjmiologioal Department of the London 
Hospital Medical College and consisted of large glass tubes from 18 mohes to 
30 inches in length and mches to 3 inches in diamet«>r, and weighed quanti* 
ties in hermetically sealed tubes or bottles of the reagents required for the 
estimation of dissolved oxygon m water, together with the necessary accessories, 
and a special pump for obtammg water from below the surface of swamp 
pools 

We left Liverpool on November 16, 1930, and arrived at Belem (Paid) on 
December 3 We could obtam no definite mformation as to the occurrence 
of Lepidosiren m the immediate vicinity, we therefore decided to proceed to 
the island of Maraj 6 

After spending nearly four weeks at a Fazenda called Gamburnpy m the 
interior of the island, and failing to obtam any information or evidence that 
Lcpidostrm oeourred m the neighbourhood, we travelled by sailmg boat round 
Gape Magoary to Fazenda Duuas, where wo arrived on January 16 

We obtained our first Lephdosvten on January 24, 8 days after our arrival 
at Dunas It was a female (80 cm long) and dead when brought to us The 
man who brought it had seen it m the water and caught it with a basket 
The ovaries wen* large and no longer fresh, but apparently the fish had not 
yc't spawned The fust male was received on Februarj 9, was 63 cm 
long and had filaments about 5 mm m length, and had been brought from the 
east part of Fazenda Dimas In spite of the aid of Senhr Cavaicante we did 
not succeed m catchmg any specimens ourselves This first mule and nearly 
all the others of both sexes which we obtained afterwards were brought to 
us in consequence of the offer of rather high prices, especially for males with 
filaments, and all with one or two exceptions were caught and brought to 
Dunas by a few men from a place called Bomto on the coast, a considerable 
distance to the west 

For some time the pelvic filaments of all the males were only a few miUi- 
metres m length, and therefore only beginning to develop Wo also received 
a few nests taken from the nest-burrows, and tlie eggs which they contamed 
were either only just fertilised or showed very early stages of deveIoi»nent 
It was therefore evident that m the second week of February the breedu^g 
season had only just commenced and it was not till the third week of March that 
fish with well-developed filaments were obtained 

On February 10 a male and female said to have been obtamod from the same 
burrow were brought to us, and also some eggs which wore taken from the 
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ncBt Theae egg» when thoy reached ub contained a very early embryo 
extending round half the circumference of the yolk It may be mferred that 
in this caae the burrow had been opened up when a pair of the fishes were in 
it and actually engaged m tlio deposition and fertilisation of the eggs Some 
eggs escaped from the female while it was being handled The burrow ui which 
the fish were taken was said to be 8 feet long The filaments of the male 
were only about 5 mm m length, and showed no red colour, only grey, and it 
may be inferred tliat tlic greater part of the growth of the filaments takes place 
after the eggs are fertilised 

Method vsedfor Estimation of Amount of Dissoh^ Oxygen in Water 

We took with us a Van Slyke apparatus for measurmg the volume of gase^ 
extracted from 10 c c of water m a mercury vac^uum, but after a few trials 
found that it was not satisfactory for our purpose 

The iron sulphate method described by Legendre m a paper published m 
1909, was also thoroughly tested and found unsuitable 

The Winkler method, by which we obtained definite and consistent results, 
18 BO well known that it is not necessary to describe it in detail Carter and 
Beadle (foe c?<, p 218), who used the Winkler method exclusively, 
found that m the lower layers of water m a typical swamp m the Oran 
Chaco there was a great defaciency of oxygen , m the central part, of the 
swamp m the dry season oxygen was entirely absent except at the surface, 
after heavy ram the amount rose to 0 5 c c per litre In the shallow part 
among the weeds the amount was usually from zero to 0 2 c c but occasionally 
rose to 1 c c In the open pools where the weeds were absent the amount of 
oxygen was never much below 1 c c per litre 

It was a necessary part of our reseaches to ascertain how far similar con¬ 
ditions existed m the waters of the regions which we visited We obtained 
samples from below the surface by means of a double action Solo pump designed 
for spraymg hmewash or insecticides The pump had no air chamber and 
pumped water without drawing air By inscrtmg the brass dehvery tube do?m 
to the bottom of a jar or bottle and pumpmg till the water had overflowed 
for some minutes and then closing the receptacle with a rubber stopper, the 
water was obtamed without contact with oir Whenever possible the end 
of the suction tube was attached to a stick which was thrust into the mud at 
the bottom of the water which we were samphng Garter and Beadle’s method 
of using a smaller bottle and a siphon oontamed m a larger jar was 
not suitable for obtaimng quantities of about a gallon or more needed for our 
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expermifiiits At Camburupf we found that all the swamps were dned up. 
A sample of water taken from the Rio Cambu at 2 feet below the surface 
contamed 3 68 c c oxygen |»er btre, but this was not stagnant water as it 
was open to the tide Another sample from the lgarap4 Qrande, at the same 
depth, gave 3 8 c c pi'r litre, the temperature bemg 31 6° C 
At Dimas a sample of water taken 2 feet below the surface, from a marsh 
pond or small swamp near the upper part of the Rego do Jacar£ Magro, con- 
tamed only 0 39 c c oxygen per litre This would have been a very suitable 
degree of dcoxygenation for oui experiments, but it was not practicable to 
obtain a regular supply of the water from such a distance We therefore 
often used well-water, redurmg the oxygen content by puttmg a small fish 
{CaUuAthya) into a jai full of it, closmg the jar with an air-tight rubber 
stopper, and leaving it tdl the* respiration of the fish had ceased We also 
found that deoxygenated water could be obtained from a depth of about 
18 mches from a large pool near Duuas House 


ExpermefU^ and BmdU 

The experiments on the effect of Lepidosiren on the dissolved oxygen were 
made m the long glass tubes The water was siphoned mto the tube from the 
jar, the end of the siphon delivering the water at the bottom of the tube In 
the earlier experiments bquid paraffin to the depth of about 1 moh was put 
mto the tube before the water, so that it floated on the surface of the water 
and excluded the air Sometimes the fish was suspended m the tube by a 
string passed through the skm of the bp or through the branchial cavity, 
but both these proceedmgs were found to have a bad effect on the fish. Also the 
paraffin was foimd to irritate the fish, probably by obstructmg its respiration 
as the oil became churned up with the water, with the result that specimens 
BO treated only survived a few days Later, therefore, the fish was simply 
lowered mto the water tad downwards, and usually it made httle movement 
when treated m this way. The samples of water were drawn off by a siphon 
from near the bottom of the tube, and it was assumed that oxygen would not 
diffuse far from the surface. Paraffin, however, was alwa}r8 used m the 
graduated cybnders m which the analysis was made, about on mch of paraffin 
being placed at the bottom of the cylinder and the water debvered beneath 
it. It should be noted that the fish was able to respire air at the surface of 
the water durmg the experiment, so that the blood was kept supphed with 
og^gen If the fish had been placed with the water m a vessel closed by an 
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an-tight stopper, any lucrease in the dissolved oxygen might have been doe to 
air expelled from the lungs 

The TCBults of our experiments are recorded m Table I (males) and Table 
II (females) II wiU bi seen that m nearly all cases there was an 
increase of dissolved oxygen when the fish was introduced This must be 
attributed to dissolved oxygen in the water on the skin of the fish, and partly 
to the surface water (*amcd down by the fish as it was put mto the tube With 
males 2 to 9 it will be seen that there was usually a decrease of dissolved oxygen 
with time, with the exception of No 2, February 11, and No 9, March 3 
With regard to the last there was evidently a decrease at the first test and at 
the others the mcrcaae was very sliglit In No 2, February 11, the first test 
showed a distmct morease, which was dinmusbed in later tests In theexpon- 
ments on females there was a decrease in dissolvtd oxygen after every 
interval, which could not be due to absorption by filaments, as these 
wore entirely absent The question arises whether the decrease was 
due to absorption of oxygen by the skm, that is, to cutaneous respira* 
tion But m these experiments the fish, whether male or female, was 
able to, and did, breathe air by the mouth and lungs, therefore the oxygen 
tension m the blood would probably not have been as low as it was in 
the water surrounding the fish m the tube But apart from this there were 
strong indications that the decrease was due to the accumulation of mucus 
from the skm of the fish This mucus adhered to the hands when the fish was 
handled It made the water mto which the fish was put look turbid, and 
as it was heavier than water, accumulated at the bottom of the oxpenmental 
tube Its effect was seen m the graduated cylmder when the reagents were 
added It was not pn*cipitated by the manganese chloride, but when the 
caustic potash and potassium iodide were added it was precapitated with the 
manganese hydrate, the precipitate having a dense opaque white appearance 
with very bttle yellow colour The precipitate was only slowly dissolved by 
the hydrochloric acid and these features wore always associated with an 
apparently small amount of dissolved oxygen, as mdicatcd by the quantity of 
thiosulphate used It is known that organic matter absorbs lodme and the 
effect of this m diminishing the quantity of oxygen estimated by the Winkler 
method is mentioned m text-books. It might be suggested, therefore, that the 
apparent dimmution m the amounts of oxygen was merely due to the increase 
m the amount of mucus present with the lapse of time, and the oorrospondmg 
absorption of lodme by the mucus On the other hand, the decrease 
mi^t be (paused partly by absorption of dissolved oj^gen by the mucus 
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Table I—(Continued) 
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Expenmentfl were therefore made to obtam evi^nce on this point The 
results are given m Table III 


Table III —Effect of Mucus from Xfpufosiren on the Oxygen Content of Water 




Tubio 

oentimetiee 
of 0, 
percent 

t 

Cuhio 

eentUttstres 
of 0, 
peraeat 

A 

mUe Lepidostren with veiy 
■hort filauQonte in well 
water 1 hour, 100 c o 
drawn off, shaken up with 
air and teated 

3 4 

C 

Water with female Lept 
doairen If hours, 100 oo i 
drawn off, shaken up vio¬ 
lently, left to stand f hour 
and tested 

1 

2 1 

B 

IVell water direct from weU 
ihakan up with air 

4 6 

I) 

Well water left standing f 
hour 

4 8 


Oompanson of A and B shows that the presence of mucus reduces the 
quantity of oxygen indicated even when excess of air has been introduced 
This must be due either to the absorption of lodme or to rapid absorption of 
oxygen by the mucus Comparison of A and 0 shows that the effect is largely 
due to absorption of dissolve^d oxygen Comparison of B and D shows that 
standing half an hour without mucus has very slight effect The reduction m 
the mdicated oxygen after contact with the hsh for 1 hour, that is the difference 
between A and B, is I 1 t c The sample C was with the fish f hour longer 
than sample A, therefore the difference bt^twocn C and A, if due to addi¬ 
tional mucus only, should have been 0*8 c c , while it was actually 1 3 c c , 
a difference of 0 5 c o due to oxidation of the mucus by dissolved oxygen 
The contrast between the results of the experiments vnth male and female 
is most conspicuous , compare male No 13, March 21 and March 22 (Table I) 
with female, March 21 (Table HI) The water used in these experiments was 
from the same source and the imtisl oxygen content almost the same That 
the oxygen after mtroduction of the fish rises more m the case of the female is 
mfStely due to a difference m the amount of air taken m by the fish After 
the fish was put m, the oxygen shows a slight but oontmaous decrease in the 
female and a striking mcrease m the male with filaments 
Whether, in the Winkler method, the effect of the mucus is to absorb dis¬ 
solved oxygen or only to absorb lodme, we believe that it is the cause of the 
demease in the amounts of oxygsa. found m the expenmenta on males with 
miidfiveloped filaments, and females The results ohftamed with males No. 11 
and No. IS winch had the pelvic filaments more developed are m striking oon- 
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ttast to those from the other males and ft«mi females Inthecaaeof No. 11, 
March 19, the decrease at the first test was m all probabihty due to ezoess of 
mucus, the abundance of which was noted at the tune, and the some is true of 
the last test on March 20 Otherwise there was a steady mtsrease of the amount 
of oi^gen with tune The figures for No 13 are still more striking The 
ejqienmentB were made on three hucccssiTe days with similar results and a 
remarkable mcrease in the oxygen content occurred when the end of the siphon, 
by which the sample was drawn off from the tube, was raised above the layer 
of mucus to the level of the pelvic fiiaments of the fish That the oxygen con¬ 
tent should be mcreased from less than 1 U to over 2 0 c c per htre and from 
I 86 to over 3*0 c c is, we thmk, very remarkable, especially when it is con¬ 
sidered that this occurred m the presence of mucus which would seem to 
cause a decrease m the amount of oxygen It is obvious that if the filaments 
were respiratory organs performing a respiratory function, the dissolved 
oxygen should have been more reduced when they were present than when 
they were absent The results of the expenments are shown m the form 
of curves m the graph (fig 1) We consider that these results afford 
positive evidence that the pelvic filaments of the male Xeptdonren emit oi^gen 
when the fish is surrounded by water in which the dissolved oxygen is reduced 
to between 0 *6 c o and about 2 c o per htre 

When Mr Cunningham loft Dunas on March 26 he took with him six Lept- 
donrm ahve, three females and three males, one of the latter being No 13 
When he arrived in Belem he deposited them, by the kmd permission of the 
Director of the Mus^u Qoeldi, m a tank in the Zoological Garden attaohed to 
that institution By permission of the Director he was allowed to wmrk in the 
laboratories of the Museum Commercial of Belem, and he repeated the expen- 
ments on specimen No 13 with apparatus and reagents brought from Dunas. 
The special tubes used had been broken m the course of the work and the 
filaments of the fish had suffered some damage in transit to Belem, but a 
suitable jar was obtained The dissolved o^gm content was agam zednoed 
by the respiration of a small fish as m the expemnents at Dunas. Owmg to the 
oiroumstances the experiments were not so complete or satisfactory as tiiose 
ptevionBly made, but two were earned out which diowed mcrease of dissolved 
oxygen as recorded m the table 

We have not attempted to measure the absoliite amounts of oxygen given 
off or absorbed in our expenmmts, ouzfigozeeaieall relative or oompanttve, 
bat It may be of some mteiest to give hoe the diimiiMmine of the tobee end 
speoistens with which the expenments wore made, and a ron^ eetiinate ei the 
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quantities of water tested The tube most frequently employed was 76 om 
long and 6 26 cm m diameter Its capacity therefore was 2416 6 om , or a 
httle less tlian 2^ htres, but it was only filled to about half its height to allow 
for the volume of the fish The imtial quantity of water was therefore about 
li litres If we take the experiment on No 13, March 22, as an example, the 
amount of oxygen added to the water m 1 hour is about 0*66 c c per litre. 



Fia 1—Cor\eB showini; the inowawo or rlivnaHe of (lin8olve<l oxygen in water con¬ 
taining LeptdodtreTi '('he zero point i« the amount found immediately after the 
introduction of the fish , thi other points An obtained b> deducting the initial amount 
from the amounts found after suti obhivc inttTvnJs of timt 

Idolee with well deve iopod fiiaments A, etc 

Males with incipient filana rits A f, B f, etc 

Females A+, B+, etc 

AUowmg for the 60 c c drawn olf uumediately after the fish was put m, wt fand 
that 0* 612 c 0 of oxygen was given ofi by the fish m the first hour The figure is 
too large on account ot tlie fart that the concentration was greater m the 
neighbourhood of the filaments, and too small on account of the efiect of the 
mucus But the absolute amount of oxygen given off by the fish m a given 
timfl iH of less importance than its ability to raise the concentration of oxygen. 
in the nest to a degree at which respiration of the eggs and young can take 
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place. Carter and Beadle give leaBons for concluding that this conoentiatiion 
la lower m the case of Leptdonren and Symbrmiekus than in that of other 
fishes 

Temperature —^We made no systematic observations on the temperature of 
the water in the marshes or igarap6s, but we give belon the maximum and 
minimum temperatures observed within the house at Dunas, and as the windows 
and doors wore nearly always open, with the wind blowing through them, these 
temperatures do not difier much from shade temperatures taken out of doors 
As our analyses were carried out m a store-room forming part of the ground 
fioor of the house, the figures also indicate approximately the temperatures 
of the water with which the expenments on Lepidonren were made 


Temperatures, m Degrees Centigrade, taken by Begistermg Thermometer, at 

I>unas 


Da(« 

1 Minimum. 

1 Maximum 

Date 

j Minimum 

\ 


Janaai7 24 

a St 


February 22 

\ 

> 24 7 

28 6 

January 26 

25 2 

30 8 

February 23 

' 25 2 

28 8 

Januaiy 27 

27 2 

31 3 

February 24 

23 3 

SO 6 

January 28 

In Bun 

44 4 J 

March 6 

1 21 6 

25 0 

February 8 

outside 

25 2 

ii 

28 8 )' 

March 14 

25 8 

(6 30 a m ) 

“ — 

February 11 

1 24 7 

28 b 1 

March 18 

24 7 

30 6 

February 10 

i 

24 1 

dO 6 

t 

March 23 

23 B 

1 (H20am) 



Ewpervments on Symbtanohus marmoratus 

Agar was lu the Gran Chaco in 1907 and collected specimens of embryo- 
logical matenal of Symbranehus which he gave to Sister Monica Taylor 
(1913), together with his field notes, which she quotes in her paper on the 
development of the larva According to these notes the breeding burrow is 
a tunnel running obhquely downwards mto the mud at the bottom of the 
swamp, and the adult male was always found m it with the eggs. The habits, 
therefore, are closely similar to those of Lepudonten, and the some two queatKms 
onso (1) What is the mode of respiratimt of the adult! (2) How ate the eggs 
and larves in the nest suppbed with oxygen ? With regard to the first question 
it has been generally concluded, since the fidi nstivates in the dry seosim and 
no special organ of aerial respiration has been discovered, that in Sjpiibranahius 
the branchial organs perform this function m the absence of water or of 
sufficient oxygen m the water Monica Taylor refers to the great length of 
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the branchial chamber sts small single ventral opening, and the vaacnlar 
character of the lining as adaptations to oenal respiration, but we have not 
seen any mention of obseivatioiih on visits of the fish to the surface to breathe 
air while living m th( wat/cr 

On January 29 we obtained two specimens of SywbfanckiM at the head of 
the R(*go do Jacar^ magro They were dug out of bun*ows near or in the bank 
of the jgarap^, and were taken m^parately Both were mottled with black 
spots, on ground colour which m the larger of the two was yellow, and m the 
other n'd They were alive when brought to the house m the evening and were 
placed m a kerosene tin witii only a little water, as it was thought that they 
would live well by aerial n^spiration, but the next morning one was dead and 
the other moribund Efforts w<Te made to reston* the latter by artificial 
respiration Wlun a finger was placed m tlu branchial aperture the fish 
reacted by one or two full inspirations, m which the chamber was very much 
dilated The tliin wnll of the* chamber, destitute of oponulur bones, was 
thrown mto folds when eollapsed, and distc tided to a globular form when filled 
with air ifter 2 hours, liowcwei, when tlie fish seemed to l>c‘ rec.overmg, it 
suddenly c eased to n act and died Thf larger spec linen was a female, 121 cm 
long and 16 fi cm m cmumference at its maximum thickness just behind the 
he4id The branchial cavilj was vc'ry long and wide', and when cut open the 
Immg membrane was seen to be of a doc'p red c olour, almost as red as the gills 
The latter were four m numbc'r with a double senes of filaments on each arch, 
as in other fishes Then were no spec^ial cavities or folds on the mucous 
membrane of the ojyTc'ulum Imt that of the palate was thic k and folded, with a 
marked iidge along the bone running parallel to the uppc'r jaw A depression 
oa the nxif of the pharynx betweem tJie upper ends of the gill-arches seemed to 
have little importance The whole body of both specimens was extremely 
vasoular, and all the tishues were well supplied with blood, the quantity of 
which was unusually large Syfnbranchus has no air-bladder, and it may be 
inferred that its aerial respiration was evolved after its bladder had been lost, 
whereas Leptdosvren has always n'tained the function of aenal respiration 
which was the origmal func’tion of the bladder or lung 

The other, slightly smaller, specimen was distinguished by the vedness of the 
ground colour of the skm, which seemed to be due to vasonfauaty, in snial 
Mattered areas the colour was deeper The specimen was a^Muontly male*^ 
with short, vascular testis The latter had, however, been dischaiged recently, 
and when a small piece was teased oul and examined under the microscope, 
no spermatoJBoa could be recognised 
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On March 21 another living Symbrtmohua was brought to ua together with 
Bpecimona of Lejndosvten from Bonito. An attempt was made to carry out 
some expenments with this specimen to try to find out how oxygen was con¬ 
veyed to the eggs and yoimg in the burrow in this species It seemed possible 
that the fish might enter the burrow with its branchial cavity full of air, or 
that when it passed water through the cavity some oxygen would be given off 
by the gills and vascular lining, which had just been exposed to the air m a 
visit to the surfac e Tlus sjKTimeu was larger tliun those already mentioned, 
and, unlike thorn, was of uniform colour, almost bla( k It was put head down¬ 
wards into one of the large glass tubes containing water with less than 1 c c 
per litre of oxygen The branchial cavity was collapsed and only very shght 
branchial movements wore observed at long intervals Only one minute 
bubble of air was seen to escape The result as seen in Table IV was marked 
diminution of the amount of dissolved oxygr^n, as with a female Lepidosiren A 
second experiment showed a similar result, but the oxygen found after 1 hour 
could only be (compared with the origmal water as no test was made immediately 
after the fish was put in The onginal water used m the second experiment 
•coutamed a much higher content of oxygen than that used m the first, obtamed 
as it was after a mglit of heavy ram The reduction of oxygen m this case 
might be attributed to aquatic respiration, except that the tension of the 
oxygen m the blood of the fish was probably, at any rate at first, higher 
than m the surrounding water It is probable that the reduction was due to 
cutaneous mucus as in Lejndostren These expenments give no support to 
the suggestion that the branclual organs can give off oxygen to deoxygenated 
water 

The Sytnbranohua was then placed ui the tube with its head upvHods and 
above the suif^e of the water, and it expanded its huge branchial cAVtty with 
air at intervals It was noticed that the anal aperture at the lower end of the 
tube was unusually dilated and the inner surface of the rod vascular rectum to 
some extent exposed It seems possible that oxygen is given off to de* 
oxygenatcMl water by this rectal membrane, the blood m the oiroulation havmg 
been fully oxygenated by aerial respiration at the surface No evidence of 
emission of oxygon m any other way was obtamed, neither was the sex of the 
specimen detormmed, as no more time or attention could be spared for the study 
of SyfnlmmohuB It is to be hoped that experimental mvestigatums with this 
fish will be earned further by other biologists m the near future 
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Table IV —^Expenments with Symbranckus marmoratua Di8Bolv<>d Oxygen in‘ 
cubic centimetres per litre 


Date 

MAroh22 

Matoh 23 


Original 

water 


Immediately’I 
after fiah 
was pat in , 


iet 

test 


Water and remarks 


0 78 


2 9 


1 23 I 4) 44 j Water from Ounaa pool Fish pnt 

I (1 hour) I into tube head downwards* Res- 
I i)j ratorr movemenUi at ventral 
' I branchial opoiung very slight and at 

I lung intervals Only one minute 
I \ bubble of air seen to escape 

— * 2 3 ' Water from some pool after muoh 

(1 hour) heavy ram Fish head downwards 
, as before 


Summary 

(1) We arrived la the idland of Marajo on December IB, 1930, before the 
end of the dry season, and it was several weeks before w(‘ obtained speci¬ 
mens of Lejndos%ren We found that they were widely distributed m the 
marshes of the north (oast of the island, but difiicult to capture and not 
abundant We found that towards the bottom of the stagnant water m 
these marshes there was a dciiciency of dissolved oxygen, as found by Carter 
and Beadle m the swamps of Paraguay 

(2) When specimens of Lejndostren won^ placed in water with u very low 
content of dissolved oxygen, it was found that the quantity of oxygen 
decreased after succesBivi* mtervals of tim<* m the case of females, and 
usually that of males with only mcipieut hlaments, but a distinct mcrease 
occurred m the case of moles with well-developed filaments 

(3) The possible action of the mucus secreted by the fish m causing decreases 
m the content of dissolved oxygen, as detenumed by the Winkler method, is 
diBOUBsed As the mucus is equally secreted by males with well-developed 
filaments, it is concluded that the mcrease (orrelated with the presence of the 
filamiCntB is evidence of the emission by those structures of a greater quantity 
of oxygen than the figures actually show 

(4) We obtfuned a few specimens of Symbranchm and made tvro ezpen- 
ments which showed a decrease of dissolved oxygen as m the case of 
Ltjndonrm But we had no time to pursue further the mvestigation of this 
species 
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AualyseH have sinre been made, at the Laboratory of the Aqtianum of the 
Zoologica] Society’s Gardens, of water which had been m contact with living 
Lepidosiren for varyuig periods, the specimen used being one of three which 
were brought home alive by Mr Cunningham and deposited in that Aquanum 
The objects of these analyses were to find (1) the reduction m the quantity of 
dissolved oxygen which occurred when the water was left for a period at 
difierent temperatures after separation from the fish , (2) how much of the 
reduction m the quantity of dissolved oxygen indicated by the Winkler 
method after contact with Leptdostren was due to actual loss of oxygen, and 
how much to direct absorption of iodine by the mucus , (3) what was the effect 
of blowing air through the water in which the amount of dissolved oxygen had 
been reduced It was shown that oxygen as well as iodine is absorbed by 
the mucus, and that aeration raiw^s the quantity of dissolved oxygen to 
saturation pomt or above that |>oint 
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The AnUsepic and Trypanocidal Action of certain ^yryl and And 
QutTidhne CarlxKeylamides * 

By G H Brownino, P R S , J B Oohbn, F B S , J N AbhiiKT, and 

R GUbB&ANSBH 

(Received November 6,1931) 

(From the Medical School, l^ede, the Pathcdogical Depaitment of the Umvenify and 

Weetem Infirmary, Glaigow.) 

In the case of quaternary compounds of the styryl qumolme senes and of 
the analogous benzthiazole denvatives a powerful trypanocidal effect tn vwo has 
been showntodependonthepresenoemthe substance of a ftoebanc group m one 
of the nuclei, and anacylamino (especially acetyl) or urethane group m the other, 
and also on the styryl Imkage—each playing a definite part m contributing 
to the action (Browning, Cohen, EUmgworth and Gnlbransen, 1929, 1931) 
This IS exemplified by 2(p-ammostyryl)-6 acetylanuno qumolme methobhlonde 
(No 8), 2(}Hlimethylamino styryl)-6 acetylanuno qumolme methoohlonde 
(No 25), 2(p-acetylammo)-6 dimethylammo qumohno methochlonde (No 90) 
and 2(]>-dunethylamino styryl) qumolyl (6) urethane (He) methochloride 
(No 120) The effect of acetylation of the ammo group parallck that dis¬ 
covered by Shrhch and his co-workers m the case of p-ammo phenyl aiainic 
amd Gough and King (1930) have recently made the important observation 
that m the latter series the mtroduction of an amide group converts the 
therapeutioally inactive carboxylic and sulphomc acids mto active oompounds 
Accordingly, the effect of substitutmg a carboxylamide group for the aoylammo 
m compounds of the type of No 26 and its anil analogue (No 62) has been 
mvostigated. In addition, the position of the carboiqrlamide group has been 
varied. These substances were further exommed for antiseptic action, the 
results being shown m the table 

Trypanooidtd properties have been tested on T bnuei infections m mice as 
m previous work. The striking observation has been made that only tihose 
oompounds with the carboxylamide group m the 6 position ate therapeutically 
active, the a»ila being only slightly less effective than the styryl awalogiuMi 
{df. Nos. 410, 409 and 366, 403) This contrasts with what is found m the 

* XIm wok Mportsd in this oommamoation was dons with the support of tike Msdfaal 
Bsissich CkMUwU. 
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acotylamino derivatives, siaoe the styryl compounds of the latter are hl^^y 
active as compared with the corresponding anils The carboxy-ethylninides 
(420, 419) are more toxic and less trypanocidal than the coxtespondmg amides 
and methylamides 

Antiseptic propertiett —Antiseptic action toward Staphytoooecus aureus and 
B ooh m peptone water and serum media was exanuned as previously described 
(Browning, Cohen, Elhngworth and Qulbransen, 1926, 1928) The con¬ 
centration which prodaoes sterility or, failing this, causes marked mhibition of 
growth of the orgamsms, has been indicated m the table, smce this value 
serves as a smtable measure of the antiseptic power of sueh compounds, as 
previously pomted out In general, these substances are not powerful 
antiseptics, although oertam of them are fiurly active, e g , Nos 403, 419,413, 
420. But nothing approaching the powerfully active atylammo dcnvativos 
of the anil qumohnes has been met with 

Experimented 

The formation of the amides described below were obtamed by the following 
senes of changes 

OAOH NH, 

B 00 OH -0 R 00 0(’A —► R 00 NH» 

The numbers represent the position of the carboxyl group m the quinaldme 
nuelens 



Qumeddine 6 oarboxybe amd was prepared by the method of Doebner and 
Hiller (1884) by heating on the steam-bath for 2 hours a mixture of p-amino* 
bensoio aad, cone hydroohlonc acid and paraldehyde The yield is a bo ut 
50 per cent of the ongmal material It daricens at 240° and melts at 259° 
(deoomp) 

QuMioMuie 6 oarbexjflic ester is readily obtamed by sui^nding 12 gram s of 
the finely powdered acid in 160 o.o of saturated alcoholic hydrogen ohionde lor 
24 hours at 40 *- 450 * It forms a pale brown solution, which, on diafalhng off the 
alcohol under di mi i ua hed pressure, leaves a viscid liquid, oonaistmg of ^ 
hydrochloride, which quickly solidifies It is dissolved m water, r»«»«»rtt at d l 
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with sodioiu oarboaste and the solid estor filtered and washed with cold water. 
The dned product may be cryetalliaed from petroleum ether. The yield is 
10-11 grama, melting pomt 67° It forms large colourless prisms 
The esters of the other isomeno acids were prepared by the same general 
method 

QutHoIdtne 6 carboxylamide —Quantities of 4 gruns of the ester and 60 c.o. 
cone ammonia were heated m sealed tubes m the steam-bath for 2-3 days, 
when the ester was converted mto thick, colourloss prisms which Ime the tube 
The crystals were filtered, washed and recrystallised from a large volume of 
boiling water Tlie amide separates m the form of colourless needles, meltuig 
pomt 226°-227° The yield from 4 grams was 2 gruns of pure amide 
The other anudes described below were prepared m a similar manniir 
Qutnaldine 6 catixxfylamide methosulphate —^The following example represents 
the general method employed for prepanng the methosnlphateB of the amides. 
The finely powdered amide is placed m a flask and eight times its weight of 
nitrobenzene is carefully poured m without shaking The mixture is gently 
heated until the amide just dissolves The flame is removed, the calculated 
quantity of methyl sulphate added, shaken up and left to cool The metho- 
sulphate crystallises It is dissolved m water, freed from mtrobenzene by 
frequent extraction with ether and the solution evaporated It can be re- 
orystallised from alcohol and forms colourless needles 
Qtunaldtne 6 oaHKaylaimde meAtodtde. —^To obtam the methiodide the metho- 
Bulphate IB dissolved m water, potassium iodide (equal m weight to the amide 
taken) added and the solution, if necessary, concentrated The methiodide, 
which 18 not very soluble, separates m dark orange needles, mdtmg pomt 280* 
(deoomp) The yield is nearly quantitative The other methiodides were 
prepared m a similar manner 

Quunaldme 6 eor&oa^yiafmde methooMonde » prepared from the methiodide 
by disaolvmg the latter m aqueous methyl alcohol and heating on the steam- 
bath with on excess of silver chlonde, prepared by ,pteoipitatmg silver mtsate 
with hydrochlono aoid and washing with hot water and that alcohol until free 
from acid The methiodide and silver chloride m aqueous meth^ alotdiol 
were boiled on the steam-bath for 3 hours, filtered and evaporated. The 
residue oonsisted of colourless crystals of the methochlonde. ISus method is 
a general one for converting methiodides mto methochlondes 
QuinaUiine 6 oatboxymeUtfdanude —^The ester was heated with methyl> 
amine (83 par cent ) m a sealed tube for 2 days m the steam-bath. It loims 
oohnnleBS, striated crystals, mehing pomt 202°-204*. 
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QumdUine 6 oafioxymetkylamtde methomdj^ate fonoa thin, cdkniriMM pnona 
The methiodide oiystalliaeB from water m pale yellow needlea or priama with 
square ends 

Quvnalime 6 ca/rboxyeUiylanade prepared from the eater and ethylamme (S3 
per cent) orystaUiBea from a concentrated aqueous solution m long, coloudeas 
pnama, melting pomt 153°. The methiodide oryataUiaed from ahsohdl m 
dusters of yellow needles, melting pomt 241°-242° (deoomp). 

Qutnaldtne 5 carhomfivc <mi was prepared by the method of Doebner and 
Mdler (1884) The eater crystallised from alcohol m long needles, mdtmg 
pomt 72° Found N, 6 8 per cent., 0jsHi,O|N requires N, 6 6 per cent 

Qwnaldtne 5 carboxylamtde — A mixture of the ester (4 grams) cone 
ammonia (40 c c ) and alcohol (10-15 c c) was heated m a sealed tube m the 
steam-bath for 8 days The amide crystdlises from boiling water m long 
prisms , molting pomt 249° Found N, 14 9 per cent , duH^gONa requires 
N, 16 00 per cent Owing to the solubihty of the methiodide obtained the 
nitrobonsene method, the aqueous solution was evaporated nearly to dryness 
on the steam-bath and then dned m a desiccator The sohd was powdered 
and extracted with a little cold acetone, which removed some dark-oolouted 
impurity and the yellow residue was boiled with methyl alcohol and filtered. 
The crystallme solid obtamed on coolmg the filtrate was lecrystallised from a 
small quantity of water oontammg some potassium iodide and finally crystal- 
hsed from methyl alcohol The methiodide forms yellow plates, melting 
pomt 2SS°-234° (deoomp) Found I, 37 9 per cent , OigHjgONtl requites 
I, 88 7 per cent 

QutfiaUtne 6 earboxjfmelhylamiide forms clusters of long needles, melting 
pomt 176°. Found N, 14*3 per cent , CigHigONg requires N, 14 0 per 
cent The methiodide was prepared by the nitrobenxene method and idso by 
the method described under the 3 isomende It dissolves m water and 
(irystalbses on concentration of the solution m a vacuum dea^^ ^’^r 
crystallises from alcohol in yellow prisms, meltmg pomt 238°-239° (deoomp). 
Found I, 36 7 per cent , OigHuONgl requires I, 37 1 per cent 

QmnaUime 4 earboaylie acid was prepared by Ffitonger’s (1897) method. 
The yield was equal to the weight of isatm taken In evaporatmg tiie 
bquor it n essential to keep the solution alkaline to avoid 
It molts at 250° The ester crystallises m colourless prisms fimn petroleum 
ether, meltmg pomt 77° 

QhmmUKiw 4 ooffioaiylamide orystaUises m colouriees cr meltmg pmnt 
244* The methiodide orystallues m mange needles, msleing p(dat 226°- 
227° (deoomp) 
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QumaUhne 4 carhoi^melhykm'ide crystAUiaes from ddute aloohol m coIouiImb 
ptunu, mdtmg pomt 162M53° Found N, 14*1 per cent , 
lequiiee N, 14 0 per cent The methiodide vhieh vus prepared finmi the 
methoBulphate crystoUiaes m long, orange ptiamB It melts with deoompasitkm 
at 227'-228‘’ 

QuuioUine 4 carboxye^lamtde crystallises from water m long ptisms, 
which softened at 100° and melted at 125° The methiodide crystallised from 
water m yellow needles , meltmg pomt 112°-118° 

Qumalditne 3 mrboxtfUc ester was prepared as described by FnedlSnder and 
Gohrmg (1883) from o-ammobenzaldehyde and ethylaoetoacetate The 
methiodide was crystaUised from water and melted with decomposition at 
210 °-211°. Found. I, 35 3 per cent , requires 1, 35*6 per cent 

OmnatimB 3 carboxyUmide cannot be prepared by the usual method ci 
heating the ester with cone ammonia or with alcohohc ammonia As the 
correspcmdmg mter is prepared by the condensation of ethyl acetoaoetate 
with o-ammobenzaldehyde, it was thought that the amide might be formed by 
substituting acetoacetanude for the ester, which proved to be the case The 
acetoaeetamide was prepared by the method of Glaisen and Meyer (1902) A 
mixture of o-ammobenzaldehyde (5 4 grams), acetoaeetamide (4 5 grams), 
alcohol (6 c 0 ), water (6 o o.) and 7 drops of 10 per cent sodium hydroxide was 
allowed to stand overnight. The cream-coloured solid was filtered and re- 
orystallised from water The yield was 6 grains It crystallised from water 
m long needles, melting pomt 199°-201°. Found M, 15 4 per cent., 
OitHigONi requires N, 16'06 per cent The methiodide crystaUised from 
water m yellow pnsms, which gradually darkened on heating sad decomposed 
at 246°-247° Found I, 38 3 per cent , OigHuONgl requires I, 38 7 
per cent. The methiodide like that obtsmed from the ester was unstable 
towards ammonia and did not condense with mtroeodnnethylaniline or 
dunethylammobenzaldehyde 

Qusndidiute 8 ootboaiyhe and was prepared by the method of Doelmer and 
Miller (1884). One hundred grams of anthranilic aoid gave 14-16 grams of 
the hydrochloride The ester is a hquid and was used without farther pun* 
fieation for the preparation of the amide 
OumoUifie 8 earboseylaimde after reorystaUisation from water formed colour¬ 
less hair-bke needles, which melted at 170°-171°. Found. N, 15 4 per cent., 
GijHigONa requires N, 15 06 per cent The methiodide crystallised from 
water and was reonystaUised from dilute aloohol, it darlmned on heating at 
about 230* and decomposed betwem 246° and 256° Found. I, 89*2 per 
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cent., CisHi 30 NgI leqiures I, 38 7 per cent. The metiuodide decomposed 
with ammonia and, though it did not condense under noimai conditions with 
rntroBodimethylanibne or dunethylanunobensaldehyde, it did occur with the 
latter under special conditions The anil and styryl denvatives obtamed from 
the foregoing by condensation may be represented by the case of thed-oarbozyl* 
amide as typical of the senes 


HgN CO 


/\/\ 


CH ').N(CH,)2 


CH, Cl 

2 (p-dimethylaixuno ami) qumolme 6 carboxylamidc methochloride 
H,N CO/VN 


CH, Cl 


CH CH<^ 


■\ 

_/ 


N(CH,), 


2 (p-(lunetbylammo styryl) quinoline 6 carboiqrlamide methocUoinde 


The method of preparation desonbed below in the ease of the above two 
oompounds is generally applicable to the other members of the smes The 
numbers m brackets have reference to the table at the end of the paper 

2 (p-dtms(AyIamtno and) q^mohne 6 oarbo^yltmtde melhtoiide —^The qnm* 
aldme 6 carboxylamide methiodide (2 grams) was dissolved m alcohol and a 
little water and pautrosodunethylambne (1 gram) m alcohol added together 
with 2 drops of piperidine It was heated on the steam-bath for | hour, cooled, 
filtered and washed with cdoohol It forms small blue needles with green reflex 
and dissolves sbghtly m water and alcohol with a deep blue colour It ooa be 
crystallised from dilute alcohol and separates m dusters of needles The yield 
was 2 2 grams 

The ooiResponding methoohlonde (386) was prepared in the usual way by 
boiling the methiodide with silver chloride m methyl alcohol for several hoars 
The solution was filtered hot and the filtrate cooled It deposited green 
mdescent needles which dissolved readily m aloohd and water with a deep 
purple colour and crystallises from water m needles Found. 01, 9«1 pee 
cent., 0 hHuN4 OC1 requires 01, 9*0 per cent. 

3(]H{itNe(A|r{amtno styipl) gutnolme 6 earbo»^am»ie mdkwMe was pfspawd 
by heating on the steam-bath qumddme 6 csiboxylaimde nwfeltioibdf (S 
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gmuB) with p-dimethylaxnmobeiualdehTde (1 gram) with th« adchtiaii of 2 
drops of pipenduxe, in aqueous alcohohc sotution The liquid, after boding 
for several hours and cooling, deposited 0*8 gram of crystals having a bronie 
reflex They were filtered and washed with alcohol The substance being 
very slightly soluble m water and alcohol even on boiling was converted mto 
the methoohloride, the conversion bemg earned out m aqueous solution. The 
aqueous solution on evaporation left a green mdescent residue which dissolved 
readily m water with a bright magenta colour and from which it separated m 
an mdefinite microcrystallme form Found Cl, 8*9per cent , CjiHnONsC] 
requires Cl, 9 6 per cent 

A better method is to use the methosuipbate for condensation The product 
(401) crystaUisedm black needles with a bronzy lustre It can be iccrystallised 
from dilute alcohol in the form of dark-coloured needles, which disaohre m 
alcohol and water with a bright magenta colour like other quaternary salts 
of the styryl compounds 

2{jh4imBthylamno and) qutnohne 6 aarbaeymelli^mtde methodude was 
prepared from the 6 carboxymethylamide and mtrosodimethylanilme The 
ami separated m needles with metallic reflex It dissolves m alcohol and to 
some extent m water with a bluish purple colour Found I, 27 0 per cent., 
CixHisONJ requires I, 26 8 per cent The methiodide was converted mto 
the methochlonde (403), which separates as a crystallme magma and dissolves 
m alcohol and water with a deep blue colour. 

2(jpdw»ethylammo styryl) quwdhne 6 casboxymdhylannde methosulphaU 
(409) crystallises from hot water m clusters of needles with bronze reflex and 
dissolves m both alcohol and water with a bright magenta colour Found 
S, 6«86 per cent , OuHnOgNsS requues S, 7 01 per cent 

2(fdmdhylamno and) quunckne 6 oa^^xnayethf^muk mdkudtde orystaUises 
from alcohol m dark purple needles with green reflex The alcoholic solution 
IS blue. Found I, 25 7 per cent , OnHwON^ requires 1, 26 0 per omt 
The methoohloride (419) is soluble in alcohol and water with a blue cidour 

2{p-dmethylaimmo styryl) qutndtne 6 mrboxyethylanude melhtodtde crystallisee 
from alcohol m dark needles with green iridescence and dissolves m alcohol 
with a magenta colour Found I, 25*8 per cent , CmHmONiI requires I, 
26*1 per cent The methoohloride (420) is soluble m water with « magenta 
colour. 

2{p4meihylanMSto and) gu$nahne 5 oarboi^flatmde metAuxbde (400).—The 
Bubstanoe was zeozystalliaed from 60 per cent alcohol contaming a small 
quantity of potassnim iodide and then from 60 per cent alcdud It frame 
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deep bhie prisms with a gieen metallic lostie and dusoWeB m water with a 
purple colour Found • I, 27*1 per cent , Ca^siON 4 l requires I, 27*6 per 
cent 

2(p’dHNe(^y{a»wno slyryl) qmnohne 5 eaibooafiamide rnttkaoMe (401) was 
recrystallised from 50 per cent alcohol contaming a little potassium iodide 
and then from 50 per cent alcohol It forms long needles with green lustre 
and dissolves in water with a magenta colour Found I, 27*4 per cent , 
CgtHiiONgl requires 1, 27 7 per cent 

2{p-duneihyltm'mo anti) qutnokne 5 oaHxmfmethifiamtde nuthmodide crystallises 
from alcohol m clusters of purple needles with green reflex Found 1, 26*4 
per cent , C 2 |H, 30 N 4 l requires 1, 26*8 per cent The mothoohlonde (406) 
disBcdves m water with a bluish purple colour and crystallises on alow evapora¬ 
tion lihe the methiodide 

2(p-diinetAp{affnno stprpl) guMwUne 5 caidmeymtih^mde mtHHaodude crystal¬ 
lises from alcohol in purple brown needles with green lustre Found I, 
26 5 per cent , CiiHmONiI reqmres 1, 26*85 per cent The methochlonde 
(413) gave a magenta solution m water and deposited needles from methyl 
alcohol solution 

2(p*d»Mt&yia»nno anU) qutndtne 4 carboxamide meOwadide —^The methio¬ 
dide forms needles with green reflex, which dissolve, though not readdy, m 
water and alcohol with a deep purple colour Found I, 27*1 per cent , 
CmHsiONJ requires I, 27 6 per cent The methochlonde (895), which is more 
soluble, crystaUises like the methiodide sad dissolves with the same purple 
colour 

2fjhdmelhjilaimmo styipl) jinnoltne 4 oarboxyUmtde mstktodide (898) forms 
steely blue needles, which were crystsllised from methyl slcohol It dissolves 
in water with a magenta colour Found I, 27 4 per cent , OfJS^GSJL 
requires 1,27 7 per cent 

^pdimetkyUmuno and) yumohne 4 earboxymethffiamide methtodide crystsl- 
hses m needles which dissolve m alcohol and water with a deep purple colour 
It crystallises from water m dark blue pnsms Found I, 26 3 per cent., 
OnHifONJ requires I, 26 8 pet cent It was converted into the metbo- 
ohlonde (406) which forms green indescent needles soluble m water with a 
deep blue colour 

2(2Kiimstilj^IamMo olyryt) fuinohne 4 coiioriymsAylMitds mednadidt wu 
obtained m the form of steel blue needles or long prisms with square ends, 
which dissolve m alcohol with a magenta colour, sli|^% solubk m water 
Found: I, 26 1 per cent , requires I, 26*8 per omt The 
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noethoohloride crystallueB from methyl alcohol like the methiodide and dia- 
eolves m alcohol and water 

2(p-4methylatmno and) qutnohtie i oarboa^/etk^aimiide mdhtodide (414) 
crystalhses from dilute alcohol m dark blue needles The aqueous and 
alcoholic solutions are blue Found I, 26*2 per cent., C|^aON 4 l requites 
I, 26*0 per cent 

2{p-4methylamtno atyryl) qutndhne 4 cafboxyetkjflamide nuthaimSe (418) 
crystallises from dilute alcohol m clusters of purple brown needles with green 
reflex The aqueous and alcoholic solutions were bluer m colour than the other 
members of the senes Foimd 1, 26 66 per cent , requires 

I, 26*1 percent 

Hp-^meUiykmmo ami) qumokne S carbox^/ie et^ ester melluodtde —Giystal- 
bsed from alcohol, it forms clusters of purple needles Found I, 26 6 per 
cent , 0||Hu0gN3l requires I, 26 0 per cent The methoohlonde crystallises 
m needles like the methiodide The colour of the solution was a reddish 
blue 

2{jp-dsmeOiylammo styryl) qwmohne S earbmiyUe ester melhudtde-^Vfbsa 
crystallised from aqueous alcohol it forms purple needles and m warm water 
gives a reddish magenta solution Found I, 26 6 per cent , 
requires I, 26 0 per cent 

2{p4methykmmo styrffi) qutnokne 8 earboaylamuk methoeUorsde —dn 
intimate rmxture of the amide methoohlonde (1 gram) and p-dimetbylammo> 
benjaldehyde (0*6 gram) was heated to 140M60‘ for about 6 imnutes It 
melted, frothed and finally sohdified. The sobd was extracted with about 
60 0 0 of boiling 60 per cent alcohol, and after filtration the methiodide 
crystaUised in purple needles. The yield was 0*66 gram. It was converted 
mto the methoohlonde, which had the same appearance as the methiodide 
Found . Cn, 9 2 per cent , OnH||ON 3 Cl requires 01, 9*6 per cent It dis¬ 
solves m alcohol and aqueous alcohol with a purple colour, but on dilution the 
colour duappeats 
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A Comparative Study of the Phosphagens, wvth »ome Remarks on the 

Origin of Vertebrates. 

By Dobotby Moylb Nkbdhah, M A, Ph D , Jobsph Nbedbam, M A, FLD. 
(FeUow of CaiiiB College, Cambridge), Ebnbst Baldwin, B A, and John 
Ytidkin, B a , B Sc 

(Prom the Manne Biologioal Station, Rosooff, Pranoe, and the Bioohemtoal Lalxnatoiy, 

Cambndge. Bhi^and.) 

(Commumcated by Sir F Gowland Hopkins, P R S.—^Reoeived December 10,1931) 

Introduction 

The ongmal discovery of labile phosphorus m muscular tissue by Bgg^eton 
and Bggleton (1927, a, b) was rapidly followed by a succession of reseaiohM 
whioh demonstrated its great importance m muscular contraction Fidn 
and Subbarow (1929) showed shortly afterwards that the phoi^hagen of the 
Eggletons was a compound containing eqnunoleoular amounts of creatine and 
phosphoric acid, which, owmg to its great instability m acid solution, had 
always previously been estimated as morganic orthophosphate It remamedi 
for the Eggletons (1928), Nachmansohn (1928,1929, a, b) and Meyerhof (1980) 
to delineate the functional importance of phosphagen m the muscle madunery, 
its breakdown under anaerobic conditioiis, its restitatKm m oiygen, and its 
eamgetioal relations with the lactic amd <yde. 

In the course of their mvestigations, B^leton and Egg^eton (1928) 
the tissues of a certam number of mvertebrates, and failed to 6nd there any 
oreatine phosphate About the same time, however, Meyerhof and 
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(1928) reported the discovery of another phosphagen in orustaoeon muscle* 
a phosphagen m which the creatine portion of the molecule was replaced by 
arginine This led to an examination of oertam other mvertebrates by Meyer¬ 
hof himself (1928), from which a wide distribution of arginine phosphate m 
the mvertebrate Phyla was suggested. Throughout the subsequent discussions 
it has been assumed that oreatme phosphate may be regarded as charaotenstu*/ 
of the Vertebrates and aiguune phosphate as characteristic of the Invertebrates, 
although m the absence of thorough-going comparative researches, this view 
could only remam a very tentative generalisation “ The development of 
creatine phosphoric acid m the Vertebrates from the argmme phosphoric aoid 
of the Invertebrates,” said Meyerhof (1930, p 93) “ must be regarded as a 
characteristic chemical mutation” It is probable that Meyerhof was led 
to this sharp division by the general conclusions at which Hunter amves in 
his monograph on creatine and creatinine (1928) Beviewmg the various 
attempts which have been made to demonstrate the presence of oreatme or 
oreatinme m invertebrates (eg ^ Wilson (1914), Myers (1920)) he pomts out 
that nearly all depend on the very unspecific Jafie reaction, and concludes that 
up to the present tune no good evidence exists in favour of their presence 
But this IS clearly only a negative conclusion, and the issue is therefore pre¬ 
judged when Meyerhof writes, ** Corresponding to the restriction of oreatme to 
the vertebrate group, Eggleton and Eggleton foiled to find phosphagen m the 
musoleB of mvertebrates” (1930, p 92) Moreover, it is not possible to 
include all the data in the literature m Hunter's condemnation, for Quast 
(1924) m reporting the presence of cxeatimne in the kidney of the gastropod, 
Cyolostoma states that he relied upon the tests of Weyl and Maschke 

as well as on that of Jafie And m any case, there remam large and important 
groups of animals (the Echinoids for instance) which have never been thoroughly 
examined either for creatine or for phosphagen 
The studies which we describe m the present paper, then, were imtiated, 
firstly, to detenmne whether the strict correlation of oreatme phosphate with 
Vertebrates and aiguune phosphate with Invertebrates could really be mam- 
tamed m the light of fuller information than that hitherto available. But, 
secondly, it was to us a matter of interest to observe how far down m the scale 
of organised creatures the existence of phosphagen could be demonstrated, 
and with this end m view we examined several acoBlomate types. Thirdly, 
if a sharply de&ied ” obemioal mutation ” does indeed occur at the vertebrate 
levd, it becomes of interest to identify the position of such forms as are bebeved 
to tepiesent the most primitive Verlebxates, or forms transitional between 
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VertehrateB and Invertebrates Of these, the o^haloofaordate AmjhnomM 
lanceoiatua is one of the best known, and this, being investigated both the 
Eggletona (1928) and by Meyerhof (1928), was found to contain creatine 
phosphate and not urginme phosphate But the much more abundant group 
of tunicatos or sea-squirts, the Urochorda, which m thear larval form (the 
“ ascidian tadpole ”) possess a well-develiqied notochord, hod not, before our 
researches, been exammed, nor was anything known of the form of pho^bagen 
possessed by the still more interesting Hemichorda, e g , Bakmo^omu Thu 
latter group m partu ular merited study, m view of the central position which 
it occupies in the thecry of the relation between Eohinoderms and Vertebrates, 
and the question of the ongm of the latter Phylum 

It may be convement at this pomt to refer to Table 1, which gives a summary 
ol the position before our researches were begun It will be seen that the 
Eggletous, choosing one or two representatives each from the Goelenterates, 
Oligoohcetes, Crustaceans, gastropod and lamelhbranch Molluscs, and the 
Holothnnaiu, found creatme phosphate to be absent firom all Am^phnoxm, 
however, and all the Vertebrates studied, gave positive results Then following 
Meyerhof and Lohmann’s discovery of arginine phosphate m raustacean 
muscle, Meyerhof obtamed evidence of it m podaximiau body-wall musde 
(cunously unrepresentative of the Annebds), in the stnped adductor muscle of 
Peetm, and m the longitudinal muscles of Kilothunans On the other hand, 
it was absent from smooth molluscan adductor muscle, from the muscle of the 
cephalopod mantle, and from the raxg-muscles of Holothunans At thu pomt 
our survey began 

T«ikmque 

The method of estimation of phosphagens used m the greater number out 
expenments was that of direct separation under loe-oold conditions Fust 
introduced by Fiske and Subbarow (1929), this method has been suooeasfoUy 
apphed to many difEerent tissues by Irvuig and Wells (1928), Gerard and 
Wallen (1929), and Needham and Needham (1930) 

The material was always well cooled m loe before being dissected and wei^ied. 
The weighed portion was then thoroughly ground up with ioe>oold 6 per cent, 
or 10 per cent tnchloraoetic acid, and ice-cold quartz sand m the pn^rtion 
of 10 c 0 to 1 gm. of the material After waiting 10 mmutes to allow of oom> 
plete extraction, the mixture was filtered throng a cooled funnel and the 
filtrate neutrahsed to phenol-phthalein wrth loe^cdd phoaphoms-fiee 
oaiutio soda. 4 o.c of the neutralised filtrate were then pipetted out mto a 
snudl cooled oentnfuge tube and treated wiGi 1 c.o. of a 10 per cent. 
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chlonde solutum satuxated with oaloium hydzozidfi. After aUowiag the tube 
to Btand for 10 miautes iq loe, it waa oentiifaged, the oeatnfogate pomed 
into a 60-c.o graduated flask and the precipitate wadied once m the oentrifnge 
with 4 0.0 of ice-cold distilled water and 1 o 0 of the oaloium chloride solution. 
The pxempitate, being dissolved in a drop or two of normal sulphuric amd, 
gave the true preformed inorganic phosphorus, and the filtrate, after having 
stood at room temperature for 15 mmutes m the presence of the molybdate 
reagent, gave the oreatmo phosphate phosphorus Next, another pwtion of 
4 c c of the origmal trichloraoetir acid filtrate (before nentraliaation) was 
tideen, and sufficient distilled water added to make the concentration of acid 
about 0 1/N (usually five volumes), smoe this was shown by Meyerhof (1928) 
to be the optimum for hydrolysis of arginine phosphate (see fig 6) This was 
then allowed to remain overnight (16 hours) m an electrically regulated incu¬ 
bator at 28° C after which the estimation of its contents gave us the inorgamc 
plus oreatme plus argnune phosphate, and hence by subtraction the latter 
alone In the tables of this paper the morganio phosphorus estimation will 
he referred to as Fraction A, the croatme as Fraction B, the total as Fraction 
C, and the arginme, C — (A -f B), as O Our estimation method throughout 
was the colonmetnc technique of Fiske and Subbarow (1926), a variant ci the 
original Bnggs method The molybdate solution used was one of 2 4 per 
cent ammomum molybdate in 6N sulphunc acid, and the anunonaphthd- 
sulphomo acid was dissolved in sodium sulphite and bisulphite solution, 
acoordmg to the method of Luck (1929) The standard vaned from 0 3 to 
0*06 mgm phosphorus m 60 c c and the comparisons were made with a Eober 
colorimeter Below this level it was necessary from tune to time to have 
recourse to an arrangement of test-tubes of uniform bote, similar to tiiose used 
m oceanographical investigations, eg ,hy Dienert and WandenbnlckB (1923). 
We were thus able to deal with amounts as low as 0*01 mgm m 60 c.o, but we 
do not wish to claim for these figures anything approaching the degree of 
accuracy which is easily attamed with the colorimeter At such d’lutwes, 
the judgment of tmt was particularly liable to error owing to the presence of 
substances which gave a slight greenish appearance to the colour Neverthdeas 
some of the figures obtamed m the dilute solutions are of consideraUe mterest, 
and we were often able to observe a definite mcrease after 16 hours' me uba twn . 

In certam cases wo felt it desirable to have an alternative metho d to the 
direct separation procedure described above, and we therefine adopted the 
original extrapolation method of the Eggletons (1927, a) The wuyutft weoe 
mixed with the solutions and readings begun as sow as possd^ afterwaids 
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on the colorimeter—iii this way sets of data wore obtained which could be 
extrapolated backwards in time to the moment of nuzmg Thus we were 
able to assnie ourselves that we were really dealing with a labile compound and 
not with some failure of the separation method 

For the direct estunation of the creatine w(^ used the method of 
Walpole (1911) which is based on the diacetyl reaction of Vosges and Pros- 
kauer (1898) A poition of the original tru hloracetu acid filtrate was 
iioutraliHcd with normal soda, and to 4 c c of the neutral extract, 4 o c of 
saturated sodium carbonate solution and 2 drops of a 1 per (*eTit solution of 
freshly prepared diacetyl were added The mixture was then incubated for 
1 hour at 37^ C together with a set of standards made up from pure creatme 
solutions This method was very satisfactory for creatme, but not for aiginme, 
although we had expected it to estimate both, owing to the guanidmc grouping 
m the ammo-Hcid The creatmc standards formed a good gradation from 
light to deep pink, but the arginine standards showed little gradation, and 
this, together with the cloudiness met with among the unknown solutions, 
made the estimation of arginine impossible 

In order to establish still further the presence of 4ueatme, we converted it 
to creatinmo and estimated the latter Conversion was cfi’ected by heatmg 
solutions m an autoclave at 130'^ for from 20 to 50 minutes, any glucose present 
having been previously removed by van Sljke's method (1917) To 4 cc 
of the trichloracctu acid extract, 0 25 c c of 15 per cent copper sulphate 
solution was added, and the mixture neutralised to litmus with strong soda 
0*6cc of a 25 percent suspension of calcium hydroxide was then added, 
and the mixture centrifuged, after which the precipitate was washed once in the 
centrifuge The filtrat^e possi'SHed no blue colour Estimation of the creatmme 
was effected by the Jaffe reagents prepared as descTibed by Luck (1929) 

Expenmenful Results 

(1) Cmlenierata -Our investigations of the sea-anemones were not carried 
as far as we had originally intended, firstly, liecause the amount of phosphorus 
present was so low that satisfactory colorimetric estimations could not be 
obtamod, and secondly, because the characteristically shmy nature of ooslenter- 
ate tissues made filtration and other operations on the extracts very difficult 
Such results us we were able to obtain, however, ore shown in Table II, from 
which it can be seen that argimne phosphate is probably absent from sea- 
anemones It 18 mterestmg in this comiection that Eutsoher and Aokermaon 
(1931) could isolate no free argmme, but only guanidme and agmatme from a 
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coolenterate {Geodta gtgas) Our values for morgamc phosphate m extracts 
of Anthea are of the same order as those of the Eggletons (1928) for Aureba 

We were at first mclmed to think that the absence of phosphagen (*ould bt* 
associated with the fact that Actinozoa, possessmg no Tnesoderm possess no 
true muscle, and that the myo-epithelial cells (as m the mesentorus of polyps) 
must have a contraction mec^hanism which i ould dispeiLso witli jdiosphagen 
But this view was contradicted by the results which w( olittiined on CVno- 
phores (Table 11) Here a considerable proportion of arginiiu* phosphate* w«s 
present, altliough apart horn the mmute contractile tliread-hk( processi's 
which traverse the jelly of the ctenophore, even pre-inuscle jk not present to 
any great extent Since the activity of the ctenophoie is < liaraeterised mueli 
mon» by ciliary motion the cpicstion is raised whetlu^i arginine phosphate 
may not Im) associated with this form of eontrai tion, and it would be interesting 
to compare' the phosjihagen content of some' ciliated siiu(tun» during the 
various phases of activity and under external conditions such as Jack of 
oxygen 

(2) PhUy/uimifillies -lioth the S|Km ics of turbcllarian worm examined b> 
us gave an unequivocal positive' lesult as regards argininc' phosphate Here 
again it may lie questioned whether tlu' mam ac'tivitv of th» organism is not 
cihaiy rather than musculat 

(3) Nefnertitiea —Colonmeiiu compaiison was rendc'red diihcult in the 
case of Limus by the prcsenc'c of sonu' substances in the extracts whu Ji tended 
to make them opaque and greenish Howcvc'r, as tlio amounts of phosphoius 
were much greatei than in the case of the (Wenterutes, it was possible to 
obtam the values shown in Table II, demonstrating the pn*st*nec of argmine 
phosphate 

(4) Awndida —Of polychante worms we had at oui dis|)osaI SabeUarui 
SpmgmphUi and Nereta The first two of these gave clear evidence of arginme 
phosphate, as the* figures of Table III demonstrate, but otherwise then* is 
little to say concerning tliem More thorough investigations wi'n* maiJe on 
JfereiB In particular wc were able to show the functional significance* of the 
phosphagen by experiments in which the animals were put into hc'at ngor, 
and stimulated to exhaustion m an atmosphere of nitrogen The latter 
operation was accomplished as follows a number of worms wen* placed m 
sea-water m a Budmer flask which was repeatedly exhausted by an elec*tric 
Geiyk pump and filled with purified nitrogen Stimulation was effected by 
a bozxer interrupter, induction cod and copper wire electrodes The duration 
of the Btunulation was about 1 hour, at the end of which time the worms wen* 
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markedly unreactive, the whole bottle was then thoroughly cooled in loe 
before the worms were ground m ice-cold trichloracetic amd The following 
average results were obtamed — 
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The next question which arose < oncemed the meaning of the small amounts 
of phosphorus which appeared from time to time in the creatme phosphate 
fraction (B) from Nereis (experiments L 1, 2, 3 and 4, and U 2a) We wen‘ 
from the first inrlmed to regard these results as due to some special difficult\ 
of separation m the extracts, the inorganic precipitate not being completely 
centrifuged oS, and traces of it romammg suspended m the centrifugate This 
difficulty was particularly marked in L 4, while the separation was particularly 
good m L 6 We did not therefore* ac < ept the figures of fraction B as indicating 
the presenC/C of creatme phosphate 

However, m order to investigate the matter further. \m- earned out some 
experiments usmg the* t^xtrapolation method The results are shown in 
fig 1 and Table IV 

In expenment U 1 a. slight nse appeared during the progress of the roadings 
on the colonmeter, and an apparent creatme phosphate value was thus 
obtamed, although no creatine phosphate was found in this case by the direct 
separation method This led us, therefore, to regard the early rise m the 
curve with suspicion, and to think of it as perhaps due to the presence of some 
inhibitory substaiK^e which prevented the straightforward development of the 
colour It may be remembered that Fiske and Subbarow (1929) originally 
cnticised the extrapolation leclmique (on which the Eggletons at first wholly 
relied) as subject to the interference of inhibitors, wluch would thus simulate 
labile phosphorus In experiment U 2a, the two methods agreed better, the 
one showing a small amount of phosphorus m fraction B, the other showing 
a slight nse with time But by the following expenment (U 26) we were able 
to show that this was no evidence of creatme phosphate We lei a portion 
of the original tnchloracetic acid filtrate stand*with molybdate for 20 minutes 
at room temperature, in order to decompose all the creatme phosphate, if 
any were present, and only after this began an extrapolation As is shown by 
Tkble rV and fig. 1, just the same result was obtamed 
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Tablp IV 


Dirott He^ration, | KxtoftpoUUoUp 

mgni P/gm | mgm. P/gm* 


Katperiment nuinl>ei 



1 

1 \ 


1 A 1- B 

A 

B 

A + B 

U3 

0 2(17 

(1 UU ' 

0 267 

0 178 

0 080 1 

1 0 2Z7 

U2a 

0 207 

0 022 { 

0 269 . 

0 208 

0 037 , 

, 0 246 

tJ26 

I 0 267 

0 022 j 

0 260 

0 281 

0 020 

0 2^ 




Kio 1 —Readings 



ImtiaL 

Final 

V 1 

23 5 

19 0 

V2a 

16 0 

13 5 

U26 

15 5 

14 0 


It IS thenifoie probable that there exists in extracts of Nerets some sabstaaoe 
which combines loosely with morgamo phosphate, preventing it from bemg 
fully precipitated by the icc>oold calcium method, and causing a slow devek^ 
ment of colour when this is followed against a standard m the colonmeter 
There may also be something lA the extracts whudi prevents the clean centn* 
fugation of the precipitate of inorganic phosphate It is at any rate clear 
that m spite of the first appearances, polydhaete wmnis contam 
phosphate but not creatine phoi^ate. 
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This concliisioa was fuithor substantiated by the results of the Walpole 
technique In experiments L 3, U 5, L 5, and U 3 and 4, treatment with 
diaoetyl gave only a yellow colour, quite distinct from the unmistakable pmk 
given when creatmo is present This was somewhat surprising as th(‘ test is 
behoved to depend on the presence of a guanidmo gioupmg, and the arginine 
due to the arginine phosphate should therefore have reacted However, it is 
probable that the workers who originally introduced the (Vosges and 
Proskauor (1898)), and those who subsequently extended our knowledge of 
it (Hardon and Norris (1911), Walpole (1911)) used much stronger toncentra- 
tions of arginine than those with which we had to deal in our experiments 
Indeed, when we made up a senes of standards from pure arginine, we found 
that although some trace of a gradation was visible bi^twcon 0 05 and 1 0 mgm 
arginine m 4 c c the ytdlowish-orange colours were so faint that any quantitative 
comparisons wert^ out of the question Yet at these dilutions, creatine gave 
pink colours which were quite strong enough for such compansons How 
muih arginine,'* said Walpole (1911 p 307) “is squired to give the same 
colour as 1 mgm of creatine has not been determined **, from the above 
experiments it must evidently be a good deal more than I mgm O'Meara 
(1931) has recently reported difiiculties in the use of the dmceiyl reaction with 
argmme 

Expeiiment L 5 filtrate was treated with copper-lime to remove the sugai, 
and then autoclaved befon^ being cbtiraated for creatinine by the JaSe method 
An extremely slight reduction of the picnc arid was obfw'rved, but m view of 
the well-known unspecificity of the Jaffe reaction, it is impossible to lay much 
emphasis on this 

(6) Podaasoma —Our results for Sipumyidm confirmed the statement of 
Meyerhof (1928) that this animal contains argmme phosphate The residts 
are shown in Table III The Walpole reaction was negative and no creatme 
phosphate was found 

(6) Cefhsi(ypoda —^The mantle muscle of cophulopods is stated by Meyerhof 
(1928) m hiB paper on the Invertebrates to bo free from phosphagen. We 
were, however, unable to confirm this finding, for as is shown by Table V, we 
constantly observed a rather small but nevertheless quite definite proportion 
of argmme phosphate in oephalopod muscle The only exceptions to this 
statement are two of the experiments m the AC senes, but hem it was notioeable 
that tlie animals were not m good condition, some wore floatmg at the surface 
of the water m the aquarium, and the specimens chosen for analysis did not 
react by coughing, spitting, and ejectmg ink, as usual upon capture As the 
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a niTnalfl m Meyerhof’n tables ajre soxnctiniea charaotensed hy tbe phiam^ 

long %n aquanumj^* we suggest that the prosence of arginine phosphate can 
only be demonstrated in these animals if they are in perfect health, and freshly 
caught 

Our manner of kiHuig them consisted m conveying the animals direct from 
the aquanum mto a large pan packed with ice, and after leaving them there 
for an hour, cutting sharply across the body with scissors just in front of the 
mantle opening 

It will bo observed m Table V that from time to time a trace of phosphorus 
appeared m the cieatmo fraction B We attribute this to the high concentra¬ 
tion of morgamc phosphorus met with m these muscles 

Wo had the opportunity of examining a considerable number of Septa 
embryos at all stages of their development, but the full results on this subject 
are m course of publication elsewhere (Needham, Needham, Yudkm and 
Baldwm, 1932) We give two experiments for the sake of comparison in 
Table V Octopus muscle seems to show a higher argmmo phosphate content 
than that of Sepia 

When submitted to the diac<‘tyl test for creatme, no trace of pink colour 
appeared m extracts of ceplialopod muscle, a fact which substantiated the 
view expressed above regarding the figures m fraction B (experiments 
AC l-A, 0 1 and 2, V 2, K 1^, and 0 3) The Jafie reaction was also 
completely negative aftei conversion by autoclaving (experiments () 2 and 
K 1-4) 

(7) Echtnodertmkt —In the two forms of Holothurian exammod, argimne 
phosphate was only found in one, Synapta, but we do not n^gard the failure 
to find it m Cucufmna as significant, since a violent contraction of the 
body-wall muscles of this latter form occurred when it was l>emg dissected, 
m spite of prolonged preliminary coolmg m ico (see Table VI) Kutscher 
and Ackermann (1031) report tlic isolation of free arginine from Holothuna 
tubuloaa 

Qieater interest attaches to the n^sults obtained on tbe sea-urchm, StrongyUh 
cenifotue Itmdus, for the muscles of the jaw (Axistotle^s lantern) yielded cou- 
sideiable amounts of labile phosphorus m fraction B as well as m fraction D 
Either creatme phosphate, or some pbosphorus-yioldmg substance breaking 
down under the same conditions and at approximately the same rate, aas 
present And from the outset it was obvious that the echmoid jaw muscles 
differed widely from any tissue so far exammed, m that the amounts of aigmme 
and creatme phosphate wen^ of about the same order, amounting between 
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thai tile (catnetor mmcIw «f tke jam and the depmcor miiidM of the compeM wen ahme weed 

that the eetnetorBONiee of thejawe won alone aaed, in alt the other oaaea tte eztnotios waa nade on the whole naaaof laateni 
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thm to an average of 68 per cent of tbe total free and easily hydzolyHable 
phosphate 

A summary of the figures is given m Table VTT 


Table VII 

Per cent of tho total fnx* and easily 
hydrolynabla water-noluhle phosphatp 
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ment ' 
number 

1 

Vh(>8phaKen 






1 


liionpuiio 


1 

1 

Oroatino 

ArKiniiK 

Total 


MUed jaw miiaolea, not ooole<l 

1 11 

1 

21 S 

35 3 

46 7 

51 1 

Mixed jaw muades, oouled 

1 12 

10 3 

22 7 

53 0 

47 0 

1 T 1 ' 

' 28 4 

48 0 

76 4 

23 b 


1 T2 

16 4 

43 0 

78 4 

21 8 


AT 2 

17 5 

28 4 

83 0 

16 1 

Protimctont and l>opreH8orB 

! ' ^ 

28 3 

55 0 

83 3 

16 7 

Retiaotoni 

i 

30 0 

55 5 

75 5 

24 5 


1 - 1 
[ ^ 1 

28 7 

19 4 ' 

1 1 

78 1 

1 31 8 

Mixed jaw muBoles, lieat ngor 

1 T4 1 

0 0 

’ 18 1 ! 

16 1 

1 83 e 

1 AT 1 , 

4 8 

, 52 7 I 

57 5 

{ 42 6 

Avoia(a;cH 

1 

1 -- ' 

2 4 

1 34 4 , 

16 8 

j m 2 


In this table there are several points of interest The first expt'riment 
made, m which the lanterns were not cooled before dissection, gave only about 
46 per cent of the two phosphagons together instead of the 70 per v/mt which 
was found m later experiments after thorough cooling An attempt to decide 
whether the phosphagens were auatomu'nlly distributed, represented by 
expenments 1 3 and 1 4, showed that ea<*h kmd of muscle has both phos- 
phagens In heat ngor, the disappearance of the creatme phosphate was m 
one case complete and m the other ease almost complete, on the two 
expeorunenta the inorganic phosphate rose to 63 per cent instead of the usual 
31 per cent 

But the question clearly could not be allowed to rest at this pomt. If 
creatme phosphate were really present it was necessary to establish the fact 
as definitdy as possible We therefore proceeded to a senes of extrapolation 
eqaeriments, which are summarised m figs 2, 3 and 4, and Table VlII In 
experiment T 1 the fresh trichloracetic acid extract of mixed jaw muscle was 



Coloi iinetei teuliiis 






Stvdy of PJmphagens. 


277 


was a zepetitioa of this, but so arranged that the oolonmeter readings were 
began not later than 2 nunutos after the adding of the reagents Moreover, 
m order to avoid any effects due to unequal temperature, the standard was 
made up with 4 c c of distilled water previously cooled to 0® C m ice These 
findings demonstrate the presence of a labile phosphorus compound capable 
of rapid breakdown under the catalytic influence of molybdate 
It was next decided to apply the extrapolation method to the fractions 
obtamed by the separation method The inorganic fraction (A) should then 
give a perfectly straight line, and the creatine fraction (B) should give a marked 
rise These expectations were in the mam fulfilled The curve m fig 3 
marked T 3a shows the lesnlt of following the development of the colour 
m untn^ated extract of experiment T 3 , it is comparable with the curves of 
fig 2 The i urve T 3c in the some figure is that given by the inorganic fraction 
when separated from the creatme phosphate^ fraction by precipitation with 
calcium The expected straight Ime is preceded by a rapid rise, due either to 
the presence of small amounts of (purple) ecbmochrome, leading to over- 
compensation on the part of the observer, or to the presence of an inhibiting 
substance We shall return to this question below The value indicated by 
the straight line agrees well with that found m the direct separation method 
(see Table VIII) As for the creatine phosphate fraction (B), tlie curve T 3d 



Minutes 
FlO 4 


m fig. 4 shows the result obtamed after removal of the moargamc phosphate. 
The value here agam agrees with that found in the direct separation 
method 
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Another way of throwing light upon the situation was to snbmit the }aw 
muscles to heat rigor, m order to remove the creatme phosphate entirely or 
almost entirely, and then to carry out an extrapolation experiment on the 
extra! i Then^ should in this ease he practically no rise, and this was indeed 
the effec t found hy us m experiment AT 1, and shown in fig 3 and Tabic VIII 
The slight rise was of tin oidti that ^ould be expc'cted from the amount of 


\ f B 

0 ISS 
0 S60 
0 292 

0 m 

0 29^ 

Ill this case agam, howevei, theie was seen the rapid preliminary rises < easing 
before the end of the third minute aftiT mixing If the very faint mauve tmt 
of tlu extrait, due to cchmofhrome were responsible for tins, it would no 
doubt have its greatest effect m the early stages, when the blue coloui was also 
faint But <»xpt‘riinent AT la showed that it could not be responsible Borne 
of the extract from experiment AT 1 was kept and incubated ovenught as if 
for 4in estinifitioii of total phosphate and this, next morning, was tn*ated by 
the ext.rapolation in<*thod Ah appeam from fig 3 the lino was absolutely 
straight, although tlie echinochrome was still present The only remaining 
possibilit) was that the inhibitor alr«*ady suggested had bi'en destroyed on 
standing V^e had already found evidence of some substance ivhich combmed 
loosely with phosphate when tonsidermg the results of the work on Nereis 
The actual level of the straight line AT la corresponded to 0 637 mgni P/gm , 
t e (after subfrai'ting the result of AT 1) 0 239 mgm P/gm argmine phos¬ 
phate, as against ihv 0 293 mgm P/gm found by the direct separation 
method 

Fkhdi hg 4 it was possible to calculate a velocity constant for the hydttrfysis 
of the labile compoiEmd m the presence of molybdate—^the value obtaaned wtfl 
be given below (p 280) 


ireutmi* phosphate disdostd bv the dm^ct separation method 

Table VIII 


DjrtM t Mftamtinti | Extrapolation 

mgm P/gm ' mgm P/gm 

Kxjk iimi 111 number | _ ; 



1 \ 

1 

' J 

A } Ji I 

_1 

A 

H 

T 1 

0 am 

1 

0 lOrt 

1 

0 m 1 

0 im 

0 091 

T2 

0 087 

0 U3 ' 

0 22** ' 

0 096 

0 166 

T3tt 


- 


0 16H 

U 134 

TOr 


- 

- 

0 187 

- 

r3d 


- 

1 


0 142 

ATI 

a il7 

0 0^7 

0 204 j 

0 2S6 1 

0 OH 
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It was desirable^ however, to obtain further information about the velocity 
cOEQBtants of the hydrolysis of the two forms of labile phosphorus present in 
the echinoid )aw niusclo The problem had never before ansen as this was 
the first known instance of the two phosphagens occurring side by side in the 
same muscle, but the means for solving it were presenteil bv the following 
method 

Muscle from the jaws of lb well-cooled animals (10 18 gm ) was extracted 
with trichloracetic ac id m the usual way, filtration l)emg performed witJi special 
precautions to keep the funnel cool The' filtrat.e was brought to approximatolv 
decmormal acidity by the addition of 5 c c 40 per cent soda pei 100 c c of 
filtrate, and at this point an aliquot portion (2 c c) was taken for the z<*ro 
hour detormmation The whole filtrate was now bniught to 28'‘ C ns rapidly 
as possible by immersion in a waiier-bath at about 33"^, the time taken to reach 
28" being not(»d The filtrate was then put mto the electric incubator at 28" 
and samples, benng withdrawn at suitable intervals up to 23 hours, wen* 
analysed for fractions A and B bv the usual direct calcium separation method 
The essence of the procedure lay in the fact that as time went on the inorganic 
phosphate would bc^ uicreased by a quota whudi would less and less be accounted 
for by the disappearance of the creatine phosphate This excess would be 

ItWIts V 



due to the hydzolyHis of arguuno phosphate, and the result would be a set of 
curves showing the total increase of phosphate, and the increase dne to the 
respeotive pho8{diageiis The data obtained m this expenraent (BT) are 
shown in TaUe IX and fig 5 
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Table IX—^Determination of Velocity Constants of Phosphagens in the 
Jaw Muscles of Strori^yl^Kevitrotm liwdm m 1 7 X N/lOO Tnchloiacetic 
Acid at 28° 


Time 

1 Inorgann. P | 

! 

1 

Creatine. P | 

H/ * 

1 

p 

(A,- A,) 

1 ** 

|(B, B,) 

i> , 
(p-n 1 

Remarks 

hr 

mm 




1 

1 

1 

t 

0 

0 

0 101(A,)^ 

0 069(Bo)j 

0 (H)0 

1 0 000 J 

0 000' 

1 1 

1 1 

U 

10 

1 0 1175 1 

0 0H2 1 

0 0136 

1 0 007 , 

0 007 



0 

20 

: 0 1176 

0 000 

0 014 

1 0 000 < 

0 005 



0 

30 

1 0 135 t 

0 040 ' 

0 031 

0 020 ' 

0 on 



0 

45 

; 0 130 ! 

0 040 

0 035 

1 t> 020 ' 

0 015 

► 

Daylight 

1 

05 

1 0 140 

0 043 

0 045 

. 0 026 ‘ 

0 019 


1 

30 

() 170 

0 035 ' 

0 OiiH 

, OOH 

0 032 



2 

00 

0 170 

0 032 

0 066 

0 037 

0 020 



3 

15 

0 104 

0 012 

0 000 

' 0 067 ^ 

0 033 



4 

15 

0 200 1 

i) 008 

0 102 

• 0 061 

0 041 



5 

15 

0 205 1 

0 008 1 

0 096 

1 0 061 , 

0 0161 



6 

15 

j 0 204 

0 005 , 

0 100 

i 0 064 

{) 030 



7 

45 

1 0 206 

0 000 

0 102 

i 0 067 1 

0 036 


Daylight lamp. 

0 

15 

i 0 232 

0 ooo 1 

0 128 

0 069 

0 050 

• 

11 

15 

0 235 , 

■s 1 

0 130 

‘ 0 069 ' 

0 061 



13 

15 

0 232 

0 128 

1 U 069 ‘ 

0 069^ 



16 

15 

0 235 , 

ill i 

0 130 

; 0 069 ' 

0 oer 



22 

30 

0 234 1 

0 129 

0 069 ; 

0 060 


Daylight 

22 

45 1 

0 235 1 

_1^ 

0 130 

1 0 060 

0 061^ 


Fmal values | 

0 214 ' 

0 000 . 

0 129 

1 0 069 1 

0 060 

1 


Note — 2 c c flamiden treated ivith 2 5 c c moljljdaie and 1 c t Mulphonn acid and made up 
to 25 c c At 5 h 15 m thoao <iuantiticK of reagents wore insutfimenti and after 7 li 46 m doubie 
(|uantitioH were used 

Aq ^ iDorgamo P present at Ik KiTimng Af -- inoi^aiuL P present at suoceesivo times 
P e* total increments nf inorganic P — creatine P present at beginning creatine P 

present at suooessivo times P' ~ mcreroonte of inorganic P derived from creatine P O •« 
inoromenta of inorganu P di n\cd from arginine V 


From the data tlius Hummansed, the velocity (oustants wore ialculated as 
follows -- 
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Tempera 

Acid 
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exponmenl 

ture 

Argmme 



1 

phosphate 

m 

28" 

Tciehlovaoetic 

Creatine 

\ 



phosphati 

1 BT 

28" 

Triohloraoetic 

1 T3rf 

1 

18" 

Hydroohlorio 

___ 

1 




i 


Nfimialitv 


Conditions 


k lO-* 


0 017 N 

0 017 N 
0 4N 


5*22 


Molybdate 

proAont 


6 81 
115 0 


The rates of breakdown of argmme phosphate and creatine phosphate from 
the eohmoderm jaw muscles in deproteinated filtrate without molybdate, were 
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thu3 very similar Oa oomparing these resolts with those giveu m the htera- 
tiue^ it was found that considerable confusion existed, some authors expressing 
their results m terms of log^ and others {e g , Meyerhof (1930) and Fiake and 
Bubbarow (1929)) m terms of log^g As the former method is alone coneot, 
we recalculated the data given for the phosphagens by previous observers, 
and constructed a composite chart which shows the relation between our 
results and theirs m terms of natural logarithms (fig 6) Meyerhofs figures 
(1928) for the velocity constant of hydrolysis of argmme phosphate show a 
maximum when the acid used is decmoimal, and our value comers within his 
range of vanatiou Similarly, allowmg for temperature differences, our value 
for cieatme phosphate agnn^s reasonably with those of Lohmann (1928) and 
of Fiske and Subbarow (1929) Moreover, the acceleration produced m the 
hydrolysis of our creatine phosphate fraction, when molybdate was present 
(experiment T 3d), shows convincmgly that this labile compound m echmodenn 
muscle must be creatme phosphate At 18^ (thc^ temperature at which the 
hydrolysis of experiment T 3d was conducted) t)ie velocity constant was 
116 0, 80 that at 22° it would be about 161 0 But from fig 6 it may be seen 
that at this temperature the uncatalysed hydrolysis (from Fiski and Subbarow’s 
results) would have a (constant of 6 15, the increase duc» to molybdate was 
therefore one of 26 times This is in agreement with Meyerhof's finding 
(1928, p 638) that the hydrolysis, under such tre^atment, is accelerated wnne 
30 times 

Attention may now bt' din»ctod to the results obtained by ehtiimition of 
creatine (Walpole) and creatmmo (Jafic) The holothurian extracts were not 
kept for these methods, but we expected to have confirmation of the pn'sence 
of creatme phosphate in the echmoul jaw mustles by usmg the diacetyl test 
In this, how(*ver, we wen» disappointed, not.hiug but a yellow colour being 
given With the extracts in exjienmeTits T 4, AT 1, and AT 2 Greater success 
was obtained by converting the creatme to creatmine and estimatmg it by 
reduction of picnc acid Here two nece^ry controls were done (a) pure 
solutions of creatme were autoclaved parallel with the unknown solutions m 
order to check the degree of conversion, and (6) pure creatme solutions weife 
treated by the van Slyke (1917) method for removing sugar, m order to check 
any possible loss Such loss, it was foimd, did not excotid 12 per cent 

The results were as follows experiment AT 1 and AT 2 The filtrates 
were mixed, after the removal of sugar by copper precipitation, gmug 9 8 c c , 

4 0.C of which were autoclaved and estimated Of creatme 0 144 mgm were 
found (calculated from cieatmme), % e , 0*36 mgm. as the degree of conversion 
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was 40 per cent lu the whole amount of filtrate (calculated from phosphate 
estimations) 0 78 mgm creatme was expected, or, m 4 o c , 0 32 mgm The 
oonespondenco was thus verv close Similarly, m expenmeut T 2, 2*76 co 
of filtrate were taken, prediction from the phosphate figures bemg 0 04 rngnt 
creatme per cubic centimetre , actual amount found 0*066 mgm creatine 
per cubic centimetre 

In addition to the investigations of the jaw muscles, our intention originally 
was to undertake an ontogenetic study of the ongm of phosphagen during 
eohmoderm development The supplj of npe females, however, was so poor, 
owing to the lateness of the season, that wo were only able to obtain the few 
figures shown in Table VI Tlie (‘ollection of the eggs, the fertilisation, and 
the subsequent treatment of the material, were carried out as desenbed by 
Noodliam and Needham (1930) From this it appc'ars that eggs just fertilised 
contain no aiginine phosphate, but that a very small amount is present m the 
gastrula and pluteus stages These amounts were so small that, m the absence 
of further expenments, we do not regard them as outside the limits of expen- 
mental error, but if the preaimce of phospliagcn in echmoderm swimmmg larvas 
should be confirmed, the association of pliosphagen witli ciliary ui^tivity, at 
which we have alrc*aciv hmted, will km eive further support No evidence ol 
creatme phosphak^ was found m the ligrvee, and this was m agreement with the 
negative Walpole reaction given by expe^nment J 3 and the negative Jaflfe 
reaction given by experiment J 4 

The other echmoderms mentioned m Table VI .iro Echmoowrd%um and 
Askmoi We were not surprised that the former gave negative results, as 
the only part of the ammal suitable for our analysis was the shell, moludmg 
the silky spines and the muscles which operate them The tube-feet of the 
starfish, however, gave considerable amounts of argmuie phosphate, but owing 
to the difficulties already referred to m the case of Sejna, no confirmation of 
this hy the Walpole method was obtainable 

It appears to us that the ideutification of ireatine phosphate m echmoderm 
muscle IS the best evidence which has so far been brought forward m favour 
of the presence of creatme in this phylum Other investigators claim to have 
found small amoimts in echmoderm blood (Myers, 1920) and coelomio fluid 
(Heyde, 1923), but their observations were wholly dependent on the unspecific 
Jaffa reaction 

(8) J?emtdfofdei--Unlike all the other an i ma l s studied, Balanogloasm 
salmtmeua was not available m the immediate neighbourhood of Bosooff, so 
an expediticm was made, on the occasion of a low spimg tide, to Moigat, where 
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some speoimens were obtained These were conveyed to the laboratory as 
quickly as possible m cool damp sand, and estimations were begun immediately 
upon their amval The animals, which were giving off their usual strong odom 
of iodoform {cf Bateson, 1885, p 91) were in an actively contractile state 
before being cooled prior to grindmg m trichloracetic acid Table X gives the 
results obtained Material from the proboscis region (experiment XI) gave 
clear evidence both of crc*atnie and argmine phosphate, but that from the gill 
region, in experiment X 2, showed no argmine phosphate The other experi'* 
ments were not quite so complete, but X 3 confirmed the two previous ones as 
regards the amount of creatine phosphate A portion of trunk region, instead 
of being worked up immediately, was left 24 hours (until monbund and hardly 
contractile) and then estimated (experiment X 7), with the result that all 
the creatme phosphate and some of the argmine phosphate was found to have 
disappeared This Mas of much interest m that it confirmed an experiment 
made earlier m the summer by Dr John Rimnstrom on a piece of Balanoglossm 
which had been collected the day licfore and left over from some zoological 
researches Estimating the labile phosphorus, he found no cnmtine phosphate 
and about 10 per cent of argmme phosphate It is clear, therefore, that in 
order to demonstrate the presence of creatme phosphate m hemichord tissue 
it IS necessary to operate on material as soon as possible after its removal from 
its natural surroundings We would here express our acknowlodgments to 
Dr Kunnstrom for kmdly allowing us to refer to his unpublished observation 

We were able to confirm, by tho aid of the extrapolation method, the presence 
of creatine phosphate, or of some labile phosphorus compound breaking down 
at the same rate and under the same conditions The results of two such 
expenmoiits are shown m fig 7 and the comparisons with the direct separation 
method m Table XI (see p 286) 

There can be little doubt but that m this cose the direct separation method 
IS the more accurate, the constantly higher figures of the extrapolation method 
beuig due to the difficulty of matching the blue colours m the presence of smaU 
amounts of the natural pigment of the animal Although the animal itself 
18 a bnght yellow, tho i^a-water m which it has remamed for some tune is 
coloured bright pink, and it was some of this puik pigment which appeared in 
our extracts However, the graphs of fig 7 give valuable support to our first 
condusion that BakmoglossuB sahnoneus contains creatme phosphate 

Still further support was afforded by the results of Walpole imd Jaffe esti¬ 
mations With the diaoetyl treatment expenment X 6 (1 6 gm of trank 
region in 15 c o tnchloraoetic acid) gave the pmk colour so charactenstio of 
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Gieatme, and it was easily possible to estimate the amount present by com- 
panson with a senes of standards No estimation of creatmo phosphate m 
Z 6 had been made, but the average value for creatine phosphate m milli¬ 
grams per gram was found to be 0 11 

Experiment number I Creatine P, nigro /gm 
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Taking this figure as probable for X 6, 0 17 mgm creatine phosphate P should 
have been present m the extract, 68mgm creatine The actual amofants 

found m two estimations were 1 10 and 0 90 mgni respectively 
A similar close correspondence was found when the crea.tme was converted 
to creatinmo and estimated by the reduction of picnc acid The remainders 
of the extracts of experiments X1-5 were massed together, making 14 c o , this 
was evaporated to 3 75 c c and any sugar removed by van Slyke’s method 
(1917) The result was 0 485 mgm creatine (calculated from the creatinine), 
or, allowmg for the fact that 60 per cent of a pure solution of creatme auto¬ 
claved at the same time was converted to creatinine, 0 82 mgm In experiment 
X 6, 1 5 c t* were similarly treated, yielding, when treated by the conversion 
factor 0 186 mgm or, m 15 c c 1 86 mgm Another sample of 4 c c gave 
0 238 mgm creatme, or, in 15 c c 0 91 mgm 
Summarising— 

mgm 

Creatine expected assuming the average of all the estimations 

as the value for X 0 0 68 

Creatme found— 

By estimation of creatme (Walpole) 1 10 

0 90 

By e>stimat]on of cnmtmme (Jaffe) 0 82 

1 86 
0 91 

In view of the fa<*t that the organism probably (ontamn some free ereatme, 
this agreement may be regarded as satisfactory 
(9) Ufochorda —The tunicates, as degenerate vertebrates only possessing a 
notochord m the larval state, wore of much interest from our pomt of view. 
Unfortunately, it was impossible to have the ascidian tadpoles ” in sufficient 
numbers for chemical analysis, owmg to the difficulty of obtaining sufficient 
eggs and the problem of mass culture We think it probable, however, 
that m those parts of the world where tumc^tes which ‘ incubat-e ’* their larvfls 
m the atnal cavity {eg, Cordh) are available, a sufficient mass of tadpoles 
might be obiamed from one or two animals 
The outstanding difficulty m dealing with the tuiucates we found to be the 
very watery character of their tissues, and the extremely small amounts of 
phosphorus contamed m them Thus m Table X it tmi be seen that from as 
much as 7 gm of atnal muscle, we only obtamed 0 05 mgm of total morgamo 
and labile water-soluble phosphorus The figures for argmine phosphate, 
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therefoio, depend only ou extremely small difierenoes^ and we are not prepared 
to lay great emphasis on them m the absence of furtber expenments. Antim- 
patmg that the Walpole method would estimate argmme m such small 
concentrations, we took 48*8 gm of atrial muscle sheets (corresponding to 
several hundred ammals) and oxtiat ted it with 43 CO of 4 per cent tnchloracetic 
acid (experiment H 3) But in duo course wo found, as has already been 
said, that argmme m small amounts cannot be estimated m this way A 
positive Walpole reaction for creatme, however, was not seen When some 
of the extract was treated with copper-lime to remove sugar, and then, after 
autoclaving, estimated for creatmme by the JafEe method, a small quantity 
of some substance leducmg picne acid, was o>)served This amounted to 
0 44 mgm m the whole of tho extract from 49 gm of muscle—a quantity, 
which if present originally as croatme phosphate, could not have boon detected 
by our methods But we hesitate ito accept this evidence as indicating 
<.ieatme phosphate m asctdian tissue, m view of the many other substances 
which rvdm e picric acid 

Tho position IS then very unsatisfactory, and until further experiments can 
be undertaken, m which large amounts of ascidian tissue can be worked up 
for creatme or argmme, no further information will be available 

Discussion 

The importance of phosphagen m muscular contraction lias already been 
referred to m the Introduction to this paper, but one result of the comparative 
investigations here reported has been to raise the question of whether ciliary 
ac*t)viiy may not also mvolve the phosphagen mechanism In certom of the 
organisms exammed, especially tho otenophores and the echmodenn larvae, 
ciliary activity is, at any rate at first sight, a much more characteristic function 
than muscular activity, and the association here suggested would be worth 
extended examination 

The energy-providmg function of phosphagen breakdown is clear m those 
cases—only the frog and crayfish—whore the question has been Bpecifically 
mvestigated That the same conception may be extended to other muscloB 
seems probable from the numerous other cases where argmme or creatme 
phosphate has been shown to break down on stimulation or ngor (jSiptmoicIus, 
Hchthuna, Pecim (Meyerhof, 1928), Baia clouato (Bggleton and Bggleton, 
1928); SVrongylocmJbrotus^ Balanoglossus (the present work), frog 

heart (Eggjleton, Bggleton and Clark, 1930). But the correlation between the 
type of contraction and (a) the type of phosphagen present, (6) the amount 
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of phosphagen present, (c) the rate of its breakdown, is at present obscarB 
In vUro at j 90 7 *0 arginine phosphate breaks down more slowly than creatme 
phosphate, and, per molecule of H 3 PO 4 , provides rather less energy Ritchie 
(1926) has shown how, m slow tonic contractions which may be regarded as 
built up of a number of slow twitches, the energy needed for long-contmued 
contraction is small In many mvertebrates contraction is of this kmd and 
the amount of phosphagen present is small, as is also the lactic acid formation 
In other invertebrate animals, e g , Nereis, Octopus, the movements are rapid 
and energetic, yet these animals also coutum only the aigmme phosphate, 
and that m rather small quantity Similarly, Boyland (1928) has found that 
Septa muscle shows very little lactic acid formation in vUro The involuntary 
muscle of vertebrates, such as that of the frog’s stomach, having very much the 
same type of movement as e ^ , Sipitmdus, (ontams only creatine phosphate 
(Needham and Baldwin, 1932)—^and argmme phosphate is absent from the 
heart and stomach of rat and frog It seems at present an open question 
whether the appearance of creatine phosphate m the higher ammals was an 
evolutionary change of advantage to th<'m, or whether it was merely a change 
of no moment m itself, foUowmg of necessity in the tram of some other muta¬ 
tion It would not be unreasonable to regard argmme phosphate a prum as 
the more “ primitive ” of the phosphagens, m view of the fact that a linkage 
between the terminal argmme of the protem and the phosphoric acid of the 
nudem probably occurs m the nucleoprotem molecules essential m every cell 
(tf Waldschmidt-Leitz, Ziegler, Schaffner and Weil, 1931) 

We may now turn to the phylogenetic aspect of the work The mvestiga- 
tions reported m this paper have led to a considerable extension of the data 
previously available con<emmg the distiibution of phosphagens in mverte¬ 
brates They noay conveniently summarised as follows, a<x)ordmg to the 
typo of compoimd found — 

No Argimne phosphate— 

Cmlenterata Antheu Tentacles and body- 

wall 

Argmme phmpkoJte done — 

Coelenterata Pleurobrachia Whole body 

Platyhehmuthes Planana ,, 

Polycdia , , 

Nemertinea . Lmeus . 

Annelida SabeOana . 

SpiTograjim ,, 
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Argtmne phosphatf ahne (cnntd )— 


Podaxoma 

Stpunrulus 

Body-wall 

Oephalopoda 

Sejnu 

Fuif fuimeli mantle and 
tentacle muscle 


Octopwf 

•f 1) 

Eichinodermata 

Synap€ 

Body-waU 


A ^iUTuit^ 

Tube-feet 

Urofhorda 

Aftctdtfi 

Muscle 


Ckeatine phonphate and wrgmvne phosphaie together — 

Eohmodennata Strongylucenlrottut Jaw muscle 

Homichorda BtdanoqJmsm Whole body 


For the sake o£ completeness, there may bt* added, from the previous work 
of other authors - - 

Creattne phosphaie (done — 

(k'phalochorda Amphtoxus Whole body 

CVaniata Many dift^rent species 

It may thus be seen that alone among the Invertebrates, the Eohmoderms 
have given evidence of oreatme phosphate, and that among the Frotochordata, 
both Homichorda and Oepbalochorda contam creatme phosphate But while 
Awjdaoms i/Ontains creatme phosphate alone, and thus allies itself with the 
whole of the Craniata, Baianoffiossm appears to contam both creatine and 
argmme phosphate, and thus allies itself with the Echmoderms, as represented 
in our researches by the echinoid jaw muscles These facts acquire particular 
mterest in view of the central position which Bdkmoqloesus occupies m the 
phylogenetii affinities of the vertebrate Phylum. 

It IS to Kovalevski (1866) that we owe the first description of the anatinny 
of an enteropneust, for m 1866 ho published a fairly correct account of some 
specimens of Bahtnoglossus But it was not until the classical senes of papers 
by Bateson from 1884 to 1886 that the foundations of our embryological and 
morphological knowledge of the organism were laid (1884, 1886, 1886, a, 6) 
The most important point which he elaborated was that Balanogloseus possesses 
at one and the same time a notochord (m the adult state) and a larval form 
strongly resemblmg those of echmoderms The larval form ('* Tomona ”) 
had indeed been described much earlier than the adult form (by J Milller 
(1849)), and had been regarded as a variety of echinodetm bipennana larva, 
difiermg however m possessmg eye-spots and a peri-anal rmw of mlia. It waa 
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not until 1881 thftt Metschnikov (1881) discoverud the real deatuiy of the 
tomaTiE larva, and as at that tune the larva was better known than the adult, 
he proposed to make a new division of echmodormata, the “ Bilateralia,” 
the remamder of the group forming a parallel divisioa, the “ Radiata ** But 
this suggestion, based as it was almost wholly on the larval characteristics, 
could serve no better than the old designation of the adults as ' worms,” and 
after Bateson’s (1884) brilliant demonstration of the existence of a notochord 
in the adult, the situation could only be met by making the Enteropneusts into 
a separate group, havmg afBnities with the Choidates on the one hand and 
with the Echmodcmis on the other We must ussume,” said Batesgn 
(1886, 6, p 566) “ some affinity lietween Echmodermata and Chordata, for 
Tomaria is not merely very like, but practically identical with, Bipennaria ” 
These results wi^re < hallenged by Spengel (1894) In his monograph on the 
Enteropneusts m 1894, S]:)engel denied all relationship to thi^ Chordata and 
suggested distant annelid affinities, regarding Tomaria as a very aberrant 
trochosphere His conclusions however, were successfully attacked by 
MacBnde (1894), who almost exactly 20 years afterwards could wnte (1914, 
p 684) ” Spengel s criticisms of Bateson’s results, based on his own observations 
on Tomaria larvsp, made many years ago by methods which an? now super¬ 
seded, are no longer valid, as he himself would be the first to admit ” 

The results reported in the present paper seem to offer, from an unexpected 
biochemical quarter, somi* evidence in favour of Bateson’s view If the associa¬ 
tion between creatine phosphate and vertobiate morphology may be regarded 
as established, so that, in Meyerhofs phrase, a “chemical mutation” m 
phosphagen constructiion o<?curs at the vertebrate level, then it can hardly be 
without significance that alone among all the invertebrate tissues exammed, 
echinoid muscle turns out to possess what would otherwise be a prerogative 
of the Chordata, mcludmg Balanoglosaw The Echinoidea are generally 
regarded as the most specialised, complicated and temporally recent, of the 
echinodenns , and it might therefore be possible to say that the most primitive 
eohinoderms possessed the potentiality of developmg creatine phosphate, 
but that this did not actually occur until the advent of the echmoids with 
their exceedingly complicated and specialised jaw muscles From this pomt 
of view, we were disappointed m not bemg able to examine any Gnnoids, as 
representmg the oldest living types of echmoderm 
It might, of course, be argued that the presence of creatine phosphate m 
echmoderm muscle was primarily due to the fact that these jaw muscles are 
striated* This woiBd avoid bnngmg m any evolutionary cansideiations But 
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a strict asflociation between creatmo phospliate and atnated muscle m the 
invertebrates cannot bo mamtamed m view of the negative findings of the 
Eggletona and Meyerhof on the striped adductor musoles of molluscs, and 
the voluntary muscles of Crustacea 

The Echmoderms are not the only invertebrate group which has been 
suggested in connection with the origin of Vertebrates On account of the 
metamerio repetition of organs, Dohm (1875) and Sempt'r (1870) regarded the 
Annelids as the most promising Phylum from this pomt of view, while Balfour 
(1881) m the second volume of his great work “ Comparative Embryology,** 
suggested that the Nemertmes, with their two lateral norve-oords, might 
mdicate the direction whence the Vertebrates bad come This theory was 
further elaborated by Hubrecht (1880, 1887) Then Gaskell (1908), m a work 
which never received general approval, urged the claims of the Arthropods, 
behoving that th<‘ central canal of the Vertebrate spinal cord represented the 
mveitebrate gut, and that a now mtestmal tra{;t liad originated de novo on the 
ventral surface Could it be said that the biochemical results reported m 
this paper, uniting as they do Echmoderms. Enteropneusts, and Vertebrates, 
suggest that these and other similar linos of thought were misguided, and that 
the tradition asaociatod with the names of Bateson, MacBride and Gazstang 
IS right« 

At present we must content ouraolves with the mere statement of this 
question 


(1) A systematic survoy has been made of the phosphagens of Invertebrates 

(2) Argmme phosphate exists m aU the Phyla of which representatives 
were studied, but among the Goelenterates it could only be demonstrated m 
a Ctenophore The velocity constant obtamed for its hydrolysis agreed with 
the values of previous workers 

(3) Other evidence is also brought forward which suggests that ai^^inine 
phosphate may be associated with ciliary as well as with muscular movement 

(4) Contrary to common belief, creatmo phosphate is not confined to the 
Vertebrates, but was found to be present (a) m Echmoderm jaw muscle 
(^^nm^ylocen^ottw), and (6) m Enteropneust tissues {Bahno^sua), Cieatme 
phosphate was identified (i) by the direct estimation method (calcium precipita¬ 
tion, Fiske and Subbarow), (ii) by the extrapolation method (S^gleton and 
Eggleton), (m) by the determination of the velocity constant of its hydrcdysis 
m the presence and absence of molybdate, (iv) by estimation of the oveatme 
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(Walpole), and (v) by convexBion of the cieatme to creatixune and estimation 
of thj9 latter (Jaffe) 

(5) If any evolationary significance may be attached to these findings, it is 
probable that they support the Echmoderm^Enteropneust theory of Verte¬ 
brate descent (Bateson, MacBride, Garstang), rather than any of the other 
views which have from time to tune been put forward on this question 
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The Befproduct%ve Proceeses of certmn Mammals. III. The 
Beprodtiotive Cycle of the Male Ferret 

By Mabjobie Allanhon, Department of Zoology, Kuig’n College, London 

(Communicated by (' Lovatt Evans, F B S —Received December 23, 1931 ) 

[Platmh 10-12 I 
1 Introductum 

Cyclic changes in the reproductive organs of male manimulH have been 
studied in a few forms only, but the infonnation available reveals uiteresting 
differences m the duration of reprodui'tive activity, and m the correlation 
between the various organs Marshall (1911) has desiribed the reproductive 
cycle m the male hedgehog R^egaud (1904), Tandler and Gios/ (1911) and 
Lecaillon (1909) have studied the mole, but with conflicting results Ras¬ 
mussen (1917 and 1918) gives detailed information of the periodic changes m 
the interstitial tissue of the testis in the woodchuck, and more recently Coumer 
(192S) has mvestigated the reproductne cycle in various bats m the mole, 
hedgehc^, and marmot 

The work of Marshall (1904). Robmsou (1918) and Hammond and Marshall 
(1930) has established that in the female ferret the breedmg season is restricted 
and lasts from April to August, durmg the remaimng months of the year the 
reproductive organs are m a state of quiesi^ent anenstrus The first mating 
occurs m March or Apnl The present investigation was undertaken in order 
to detenmne the duration of the quiescent pt>riod m the male ferret and to 
compare the changes m the testis tubules with those* m the interstitial tissue 
and accessory organs The condition of the reproductive tract has accordingly 
been studied at various times of the year, and an attempt has been made to 
assess the changes in the organs and m their constituent parts 

11 Maierud and Technique 

Smree Ammah —The 10 adult animals i^ed m this mvestigation were 
fexiets or so-called pole-cat crosses obtained from dealers* They were kept 
m the laboratory for at least 2 or 3 weeks before kiUing, to avoid variation m 
the state of the reproductive organs due to feedmg or other conditions 

The weight and general condition of all the anoestrus a nimals except one 
(F 10) showed them to be at least second year adults, so that the ancBstrus 
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quieflcence cannot have been due to the animals being immatucd from the 
previous breeding season 

In F 8, the left testis and epididymis were removed m February, the right 
testis, epididymis, and vas deferens m June, thus seventeen stages of the 
testis cycle are available The three immature animals were bred at University 
College, London, and killed at the age of 2 months (FJ2), 4 months (F15), 
and 6 months (F IG) 

The testes m the ferret remain m the scrotal sacs throughout the year As 
m many carnivores, accessory sexual glands are vestigial 

Huidogvcul Technique —The animals were killed with chloroform, the t^tes, 
opidid 3 rmeH, vasa defereutia, and penis dissected free from connective tissue and 
fat, and fixed immediately m Bourn’s fluid (alcoholic), with the exception of a 
small piec<‘ of the left tcistis which was fixed m Flemming’s strong fluid The 
organs wen* upgraded to 70 per cent alcohol and then weighed on a torsion 
balance having an accuracy of ± 0 5 mgm The testis weight given below is 
the average weight of the two testes, or the weight of the right testis where the 
left was used for fixation m Flemming’s fluid Little asymmetry in weight was 
observed The epididymis weight was arrived at m the same way Sections 
of the Bourn matc'tial were cut at 7 [x and stamed m Ehrheh’s hajinatoxylm 
and eosm, and also in iron h»inatoxylm Mallory’s triple connective tissue 
stam was found useful for the study of the mterstitial cells, and m estimatmg 
the variation in the amount of fibrous tissue and muscle tissue in tlie epididymis 
and vas deferens Sections of the Flemmmg-fixed testis were cut at 6 (x and 
mounted unstamed in Farrant’s glycerine medium to study the changes m the 
fat content of the tissues 

In each animal the diameter of the semimferous tubules was obtained 
from camera lucida drawings made from an approximately median transverse 
section Fifty tubules were measured, the least diameters bemg taken m 
order to avoid appanmt mcrease due to coiling of the tubules Tubules from 
the periphery were found most suitable owmg to the difficulty of fixing the 
larger testes Sme^e the tubules selected m all animals were situated m the 
same area, a zone extending three tubules deep round the periphery, these 
measunmients c.an legitimately be used for comparative purposes 

III Chm\ge8 %n the TeH%s 

(o) OrosH Size —The weight of the testis was found to vary from 0 178 gm. 
m November to 2*062 gm in April (ace Table I) Calculated as a percentage 
of the body weight, the testis thus vanes from 0*016 per cent to 0*219 per 
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cent In Table I ate given the data ftom 16 adult mmiaV and S iminataie 
animals. Text-fig. 1 shows the vanatkm in testis weif^t as a peioentage of 
the body wei^t during the year. It will be seen that the figuzes tise steeply 
and legularly from November to Apnl and show comparatively bttle mdividnal 
variation The percentage weights m May, June, and August are considetabty 
below the figure reached at the beginning of the breeding season, and it is 
probable that the testis diminishes m size throughout the summer months, 



although Bpeimatogeuesis remains active until August There is more 
individual variation at this time of the year 

In the immature ammals, the 2 months old animal killed m August has a 
testis weight of 0 >034 gm, or 0>028 per cent body weight, while the 6 months 
animal killed m November has a testis weight of 0>087 gm, or 0>016 per 
cent, body weight,» e, though the body weight inoreased nea^ four times, the 
peroentage testis weight has decreased. 

The mcreased size of the testis m the breeding season is due to moieaae m— 

(i) the diameter of the testis tubules, due to prohieiation of the genninal 
epithelium; 

(u) the length and convolation of the tubules, so that a median oroae section 
of the testis m the wmter months containa fewer tubules than a seotian 
in the same region of the testis dunng the breeding seasim; 

(Hi) the Bise of the mterstitial cells, 
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(iv) the blood aap{dy—m the quiescent teetu it is extreme!^ diffioidt to 
detect any cspiUanes m the mtertabalar spaces, but m the bnedmg 
season they are nuroerous and goiged with blood 

(b) Dumeter of ike Semtmferous Tubtdea —^The increased duuneter of the 
testis tubules m the breeding season has been noted in the hedgehog, mcde, 
and bat But Rasmussen (1917) states that m the voodchuok there is littie 
oyobc variation m the size of the tubule, all mctease m size of the testis is due 
to enlargement and proliferation of the mterstitial tissue 

It was thought desirable, owing to the conflicting opmions expressed by- 
other workers on the variation m amount of the mterstitial tissue, to measuze 
the seminiferous tubules throughout the cyde m order to ascertain how far the 
apparent mcrease of mterstitial tissue m the wmter testis might be due to 
collapse of the testis tubules, and consequent enlargement of the mtertnbolar 
spaces In Table I are given the avenge diameters of the testis tubules of 



TsxT-na S —Seasonal vanation m diameter of teatii tulmlM 


adult and immature animals, and m text-fig 2 these figures are plotted against 
the month of the year 

The average diameter of the tubules vanes from 70-80 (t m October and 
November to 160-190 |i m the bceedmg season As with the weights of the 
testis, the tubule figures for November to April rise gradually to a hif^est 
pomt at the beginnmg of the bteedmg season From May to August the 
average diameter vanes from 140-180 (t, and it is still high m the middle of 
August There is probably a gradual deerease m diameter throu|^oiit 
September, smee by the beginning of October the tubules have dttmninhnd to 
90 (1 in diameter figs 1 and 2, Plate 10 The tubules m the peepubartal 
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aninal monue from an avenge diametet of 68 (i at 2 moaths old to 76 (l 
at 5 jDoatlui old, when they approximate oloeely m aue to the tnlndeB of the 
adnlt at the same penod 

(o) Spermatogenesis —^The ohangea m diameter of the teatia tabnleB ere 
coirdated closely with variation m the activity of the germinal eptthehnm 

In October and November when the diameter of the tnbnle u least, the 
testis as a whole has a prepubertal appearance, fig 1, Plate 10 The majcmty 
of the tubules are Imed by a single layer of cells consiBtiiig of the nuifiei of 
Sertoli and occasional spermatogonia. The Sertoh nudei staan datldy, and aie 
oval and smooth m outline, their chiomatm is m the fotm of coane maaasa 
The cytoplasmic syncytium of the Sertoh ceUs entndiy fills the tubule, fig. 6, 
Plate 11 The spermatogonia, which are hx fewer m number than the Sertoh 
nuclei, are large, lightly staining cells with their cytoplasm definitely delimited 
from the Sertoh syncytium Their nuclei are sphencal and much lighter than 
those of the Sertoh cells Some of these spermatogonia ate relatively enonoous 
cells, the “ winter spermatogonia " descnbed by van Beneden (quoted by 
Chnimer, 1923, b) in the bat, and by Oourrier m the bat, mole, marmot and 
hedgehog, fig. 5, Plate 11 Coomer, from his observations on bats, elaima 
that these " wmter spermatogonia *’ anse by hypertrophy of the smaller 
summer spermatogonia, but it is difficult to follow this transformation m the 
ferret owing to the shorter duration of the quiescent condition Smoe they 
are present m 6 months old ammal, however, it seems probable that thqr 
represent the normal condition of the resting spermatogonia In a number 
of tubules in the October and November testes, pnmaiy spermatocytes m 
diakenesu are present, but no later stages of qiermatogenesis Occasionally 
masses of degenerating spermatids or ^termatocytes occur m the Ootidier 
testis, but these were not found during November 

At the begummg of December (F18), signs of activity reappear The 
tubules contam primary spermatocytes arranged regularly two or three tows 
deqi and not soatteied as during November The Sertoh nuclei, which m the 
mote qmescent testis were crowded together m uneven rows, have now ie> 
treated to the connective tissue sheath " Wmter spermatogonia ” ate still 
present but are fewer m number, and there are numbers of a new gmeratum 
(d spermatogonia These are smaller cells with a coarser reticulum of chnunatm 
m the nucleus, fig. 6, Plate 11 

By the end of December the tubules have two or three rows of pnmaiy 
spermatocytes and an obvious lumen These ate dearly a new genetatim of 
pnmary spermatocytes, since their nuclei ate neatly all m synapsis, udieieas 
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during October and November the nuclei of the primary spermatocytes are m 
diakenoBis In F*21 killed at the beginning of January many of the primary 
^rmatocytes are dividing to form secondary spermatocytes These appear 
to degenerate , the lumen of most of the tubules contains masses of spermato¬ 
cytes, pnmary and secondary, which have broken loose from the germmal 
epithehum The degenerate manses are also seen in the tube of the epididymis 
In F10, killed m the third week of January, the condition of the germinal 
epithelium is very siimlar Winter gonia ’’ are no longer present, the 
spermatogonia have smaller nuclei and thoir cytoplasm is merged in the 
B 3 mc 3 rtium of the tubules Tlie Sertoli nuclei are now greatly enlarged and are 
lightly stammg They appear fewer than in the quiescent testis, but this is 
probably due to their scattering m the larger tubules 

F 22, killed at the begmmng of February, shows a great advance m the 
gemnuial epithelium There arc several rows of spermatids, which are already 
elongatmg to form spermatozoa m many tubules Very occasionally fully 
formed spermatozoa are seen, hg 7, Plato 11* By the begmiung of March the 
tubules arc actively producing sperms, and they contmue to do so throughout 
the summer months, fig 2, Plate 10 

In the August tostis tliero arc signs of regression and more variation m the 
condition of adjacent tubules than at any other period of the year In many 
the lumen is wide and contains masses of spermatids and spermatocytes 
separated from the germinal epithobum, hg 8, Plate 11 During August and 
September there must be a rapid regression of the germinal epithelium, 
smee by the begmiung of October the tubules show no stages later than 
primary spermatocytes, and have contracted m diameter from 170-180 (i/to 
90-100 ix 

The three immature animals show various stages in pre-spermatogenesuu 
In F 72, killed at the age of 2 months, the tubules are Imed with one layer of 
cells, the goxua and Sertob nuclei The cytoplasm of the Sertoli cells is drawn 
out mto processes stretchmg across the lumen Occasionally the spermato¬ 
gonia arc seen m the lumen of the tubule la the 4 months old animal killed 
at the beginning of October most tubules contain large primary spermatocyte 
nuclei m diakenesis, which obliterate the lumen completely There is also 
evidence of regression, smoe degenerating spermatocjrtGs he loose m some 
tubules In the 5 months old animal killed in November the pnmary spermato¬ 
cytes arc not as numerous as m October and the majonty of tubules are m a 
condition of complete quiescence. The spermatogonia lymg among the Sertob 
nuclei are large cells similar to the wmter spermatogonia of the adult 
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(d) IntersttHal Tmue —^The interstitial tissue of the testis in animals with 
oj^hc spermatogenesis appears to vary in amount at different stages of the 
cycle Owing to the difficulty experienced m estimating the amount of mter- 
stitial tissue no attempt has been made to detennme whether the volume 
vanes m the ferret The tissue has been exammed for mitosis, but at no period 
of the year were any figures seen Many authors have oommented on the 
absenoe of division in the mterstitial cells (see Rasmussen, 1917, for review), 
but von Winiwarter (1912) mamtams that they divide by a special mechanism 
resultmg m multinuelcated cells The one or two examples of bi-nucleated 
cella in the ferret material may be evidence of division 
Tandler and Grosz (1911) state that m the mole the islands of interstitial 
tissue are largest and are therefore most active from May to August, when the 
spermatogemc tubules are quiescent, whereas m March when spermatogenesis 
IS most active the interstitial tissue islands are smallest and least active Other 
authors, however, mamtam that the cycle m the interstitial tissue is closely 
parallel with that in the seminiferous tubules Hansemann (1896) states 
that the mterstitia] cells m the woodchuck are hardly represented during 
hibernation , m sprmg the tissue is highly developed Ganfim (1903) found 
that the mterstitial tissue m the woodchuck was apparently reduced durmg 
hibernation, but points out that this is probably due to reduction m ceU size 
Marshall (1911) noted a great mcrease in the amount of mterstitial tissue m the 
hedgehog durmg the bieedmg season Coumer (1923) also found that the 
maxim um development of interstitial tissue m this animal synchronised with 
the bieedmg season In the woodchuck Rasmussen (1917) records development 
of the mterstitial tissue after hibernation, durmg wluch it is si^aroely discernible 
He asenbes the moroased size of the testis of the ruttmg animal to the develop* 
meat of this tissue, since the diameter of the seminiferous tubules vanes little 
throughout the year Oourner (1923) found an moroaso of interstitial tissue 
m the breeding se^ison m the marmot Regaud (1904) confirmed the observa- 
tiooB of Tandler and Grosz on the mole, but LecaiUon (1909) records degenera* 
turn of the mterstitial tissue m July m this ammal The ooncloaions are more 
ccmflicting smoe some workers consider apparent changes in the amount of the 
interstitial tissue, while others deal with signs of glandular activity 
To deteimme whether cyclic secretory activity occurs m the mterstitial 
cdOs of the ferret the following methods have been used — 

(i) Measurement of the area of mdividual interstitial cells at ditEerent 
penods 
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(u) Comparison of the nuclear-cytoplasimc ratio. 

(ui) Comparison of the fat content of the cells 

Vartaiton tn Stze ofiJie ItUeraiiltal CeUs —The average area of the interstitial 
cells was obtained for each animal from camera Incida drawings of 26 cells 
In November and December the area varies between 110 and 120 sq p, m 
May they have increased to 370 sq p The intermediate stages f^ Ourly 



regularly on a curve nsing steeply during January, February, March and April 
In the middle of June the area has fallen to 286 sq. p, and the cells contmue 
to decrease m size until November 

Both the nucleus and cytoplasm talm part in this eyebe variation The 
nucleus m November has an average area of 29 sq p, while m March it me as uwa 
62 sq p (Table I) The increased area of the cells m the breeding seasm is, 
however, mainly doe to increase of the cytoplasm. Text-fig 4, m which the 
nuolear-cytoplasmio ratio is pbtted throughout the year, shows the 
to which the cytoplasm moreases during the breeding season, it abo gives 
some mdication of the state of activity of the cells, smee the morease m the 
cytoplasm is due partly to the accumulatMm of the products <d secretion and 
possibly to an enlargmg of the sphere Bmoit (1926) has shown that, m the 
cells of the epididymis of mouse and guinea-pig, the nuclear-cytoplasmic ratio 
decreases during the prepubertal period un^ it becomes a eonatawit. 
correlated with the contmuous glandular activity of the cells m the adult. 
Following castration, the glandular activity of the epididymis ceases the 
nuclear-cytoplasmic ratio rises to that characteristio of the prepubertal 
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The nuclear-oytoplasmic ratio m the interstitial oells of the ferret would thus 
indicate that in November and December there la very little eecretoiy activity , 
in January, February, and March the ceUs ate actively secreting After this 
penod, accumulation of fat keeps the area of the optoplaam large, and sue 
alone cannot be used us an index of secretory activity The nuclear volume la 



TsXT-no 4 —Nuclear cytoplasmic ratio of intentitial cells 

already declining m April and the time of most mtenaive secretion is probably 
between January and March 

Fat m the IntertMuA Cdlt —In Flemming-fized testis the cytoplasm of the 
interstitial cells contam droplets of osmicated fat In Bonm-fixed material 
their presence is mdicated by the vacuoles m the cytoplasm Fat is presmit 
m the interstitial cells of many animals, but is absmit m the pig and the opossum 
(Whitehead, 1908) Its fonctiou has bemi vanously mterpreted Earber 
workers suggested that it was passed into the Sertob cells to be used as food by 
the developing germ-cells, but most later workers have discarded this view 
Qanfini (1902) and Loisel (1902) consider that the fat is used to form the mtemal 
seoretum of the interstitial cells Other cells of mtemal secretion possess 
droplets of fat which blacken with osmic acid, for example, the cells of the 
corpus luteum and of the adrenal cortex, and the tOle of these fots in the 
formation of secretion has been discussed by Goormai^tigh (1927) 

RaBnmnBmi (1917) found that fat was abrays present m the interstitial cells 
in the woodchuck, but mcteased enormously dntmg the breeding season 
Ooumer (1928) desonbes the same variation m the amount of fat m the mter- 
stitial oells of the hedgehog, marmot, and bat, but m the mole the cells possess 
a large amount of fat at all seasons of the year In view ei the oondhisions of 
Long and Evans (1922) and Deanesly (1980), it has been assumed m this study 
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that the nature of the fat droplets is some indication of the state of aotmt 7 
of the oeUs 

The present ferret material does not molude Flemmiug-fized testes for 
October and November In December fine granules of blackened fat occur m 
the interstitial cells During January these have mcioased m number and 
are distnbuted throughout the o}rtopIa8m, fig 11, Plate 12 A few cells have 
coarser dropletH, but the fine granulation is more general The granulation 
remains fine, but becomes mcreasmgly profuse during February, March and 
April In May many cells possess blackened masses arising probably from 
the fusion of smaller droplets This condition becomes more general during the 
aununer, fig 12, Plate 12 By the middle of August a large proportion of the 
cells have coarse masBas of fat completely fillmg the cytoplasm, but other cells 
m early stages of fat accumulation have finer globules mterspersed between the 
denser masses If the accumulation of coarse irregular masses of fat is a sign 
of decreasing activity of the cells, the activity of the mtcrstitial cells of the 
ferret falls off once the breeding season has begun 

Pigment m the Intershital GdU —^Pigment occurs m the interstitial cells of the 
testis of a number of mammals, and in animals with seasonal variation m the 
fat in these colls, the amount of pigment vanes mversely with the amount of fat 
Pigment was foupd m the interstitial cells of only one of the fenets—^F 23, 
killed m Apnl In this animal the interstitial cells possessed inegular masses 
which appeared yellow and refractive in Boum-fixed material It has been 
claimed by Coumcr (1923) m the testis and by Mulon (1913) m the corpus 
luteum, that the fat is converted mto pigment during the mvolution of the 
cells Rasmussen (1918), however, considers that the pigment arises from 
fuchsmophil gianules 

Interstitial Tissue in Immlure Anmah —The interstitial cells grow gradually 
m the immature anunal and the cells m the 6 months old ferret killed m 
November are rather larger than m the adult of the same month The nuclear- 
oytoplasnuc ratio decreases rapidly between 2-6 months old, and, smee the 
nucleus scarcely vanes m sise, this is largely due to mciease in the amount of 
cytoplasm 

In the 2 months old animal, fat IS scarcely diBcemible; there are fine granules, 
brown or grey, but not black At 4 months old the cells show sparse fine 
granules of blackened fat, and m November these are mote plentiful It 
appears, from compotison with December adults, that more fat is then present 
in immature animals than m the adults Fat occurs m the seminiforous tubules 
in October, but not m August 
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IV* Changes in the Epididymis 

(a) Vanatiion in Sue —^Table I gives the weight of the epididymis throughout 
the year As with the testis, the lowest weight is recorded m November when 
it IB 0 007 per cent of the body weight, while from March to August it varies 
between 0 035 and 0 039 per cent In text-fig 1 the percentage weight is 
plotted for the various montlis The curve rises until the beginnmg of the 
breedmg season and remains approximately constant throughout the summer 
months, while the testis weight begms to fall after the first 4 weeks of the 
breeding season When the epididymis weight is plotted against the testis 
weight a close (correlation is found, text-fig 5, during the penod of growth, 
the variation at tlie higher weights can hi' accounted for by the difierenco 
in the behaviour of the two organs during the breedmg season 



(6) IhmOer of the Epdidynm Tvhe —The cyclic variation m the siae of 
the epididyzniB is connected closely with the histological appearance The 
diameter of the tube mcreases with the onset of activity m the testis and 
decreases again at the end of the season Fig 3, Plate 10, shows a section of 
the body of the epididymis m the resting condition; the lumen is small, the 
circular muscle layers form a wide band, and the fibrous tissue is greatly 
developed In the breedmg season the diameter of the tube increases greatly, 
the circular muscle layers become thm and the fibrous tissue scarcely appears 
between the cods of the tube, fig 4, Hate 10 These changes take place m all 




306 


M. AUaDMdA. 


thfl segments of the tube, but for purposes of comparison measiuements vexa 
made m the body region m which less mdividual variation m the coils was 
found and m which all the cells are secretory In this region the tube vanes 
from 80 fx m November to 150 p. m the breedmg season In text-fig 6 the 
figures are plotted ogamst the month of the year 
The height of the epithelium mcreases from 20 p in the resting condition to 
36-40 p m the breeding season The width of the muscular layers surrounding 
the tube vanes mversely with the diameter of the tube, bemg four or five 



TsxT-no 6 —^Variation in diameter of epididyims tube 

layers deep m the wmter months (8-9 p m width) and fallmg to two or three 
layers (3-4 p m width) m the breedmg season, text-fig 7 Thu change can 
be explained on the grounds that the fibres merely stretch and contract dating 
the cycle without actually undergomg development The changes m the 
epithebal cells indicate, however, that a secretory cycle occurs m the ^ididynus 
and that the enlargement of the tube m the breedmg season is not due solely 
to dutcntion by masses of sperms Other evidence of a secretory C3role u 
provided by the development and regression of the non-vibratile cilia of the 
epithelial cells According to Benoit (1926) and other authors, these threads 
ate intimately connected with active secretion by the epithelial cells, during 
which droplets pass down them to the lumen In the quiescent state these 
threads ate difficult to dutmguish, lying enunided and matted on the surface 
of the cells They measure approximately 17pm November when the 
height of the epithelial cell u 22 p, while in the breeding season, when the 
epithelial cells ate 35-40 p in height, the threads measure as much as 20-30 p, 
figs 9 and 10, Plate 12 

(o) Sptitiymu m Imtmture Anunak —^As with the testu, the percentage 
weight of the eptdidyous falls between the agea tA 2 months and 5 months, 
being 0’013at2moathsold,and0*008at6m(mthe(tmct-fig. 1) NevertheleaB, 
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there is gradual growth in the epididymal tube and its epithelium, so that 
in November a close approximation is reached between the immature and the 
adult animal The muscle layers durmg this period mcrease slightly in thick¬ 
ness from 7 fi to 9 [X 
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Tut no 7 —Heaiional vanotion m height of epithelinm and thieknew of mvaele layen 

of epididynua 

y Changes tn the Vos Dtfemu 

nie diameter of the vae deferens in the ferret vanes shghtty throughout 
its length* but there is no marked dilation mto an ampulla ^le lining 
epithelium bears non>vibratile threads except in the part of the tube immediately 
above the urethra These threads are about 6 6 (r long m the breeding season 
and are matted with secretion from the epithehal cells, m anoestrus the threads 
almost disappear. The muscular wall of the tube consists of an outer band of 
kmgitndinal musoles, and an inner, narrower band of circular fibres There 
IB no mner layer of longitudinal muscle fibres 
The vas deferens is a region of mtense secretory activity (Benoit) and has 
been diown to be directly affected by the hormone of the teetis Thus tegiea- 
sion of the vas deferens after castration has been noted by several authors, 
and Vatua (1930) has shown that the degenerative changes can be prevented 
by tho mjection of teetis extracts No observations, however, have been made 
on the changes m this organ m annuals with seasonal reproductive activity 
The vas deferens in the ferret shows cychc regression and developmait 
eoizelated with the changes m the testis During the wmter months the 
diameter of the tube, inobiding the muscular layers, is 240-280 p, while in the 
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breeding season it increases to 420-480 pi This obango is due to enlargement 
of the lumen, to increase in the height of the epithelium, and to development 
of the musonlar layers, figs 13 and 14, Plate 12 

The vas deferens material is unfortunately incomplete, none bemg available 
for the ancestruB before December Probably, however, the inoiease in 
dumeter of the tube and m the width of the muscle layers is extremely rapid, 
the diameter is 240 p at the end of December and has reached 460 p at the 
begummg of February (see Table I) It is mtended to make a more detailed 
study of the seasonal changes m the vas deferens in other mammals to deter* 
mme when growth commences m preparation for the reproductive season 

VI Changes %n the Ptnm 

An attempt has been made to determme whether there is a cyclic variation 
m the weight of the penis smee it seems probable that the erectile tissue would 
h]rpertrophy dunng the breedmg season In the ferret, however, where an 
08 perns is present, sise regression diirmg ancestrus could only be partial 
Hie weight of the penis was obtamed from 11 animals killed between December 
and June , for one of these animals, however, the body weight is not available 
The weight, calculated as a percentage of the body weight, vanes from 0 082 
per cent to 0 314 per cent (sec Table) These observations are inadequate 
to suggest that the penis increases m siae dunng the breeding season, but more 
data might show a cycle m the weight of this organ 

VII Discussion 

The observations recorded for the male ferret show that the changes m the 
testis and aooessory sexual organs consist of gradual growth and preparation 
for the breedmg season, after which the reproductive system returns to the 
ancBstrous state There is a shorter period of quiescence than m the female 
and a more extended reproductive season, smoe males are produemg spettna- 
tosoa, which presumably would be capable of fertibsmg the female, at least 
6 weeks before the female is ready for breedmg Possibly there is no period 
m the cycle of the adult male when activity ceases completely in the semim- 
feious tubules , the production of spermatocytes seems to continue, although 
at a slower rate, during the least active penod in October and November 
Spermatozoa, however, are absent for 6 months m the year In the epididymis, 
growth for the next breedmg season commences soon after regression from the 
last IS completed, but there is a prolonged penod of glandular maotivify. 
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Although it IB assumed that the anterior pituitary body plays a similar part 
in the regulation of the male reproductive organs to that which it plays m the 
female^ the administration of the gonad-stimulatmg substances has so far 
failed to produce spermatogenesis either m the immature animal or m the 
anoestrous male BissonnettG (1931) however, has succeeded in inducing 
spermatogenesis m starlings by exposmg them to mcreased light j»enods 
and has obtained fully active testes in December when control birds axe 
quiescent 

Most authors consider (see Lipschdtz, 1924, and Marshall, 1922, for bibho- 
giaphies) that the mterstitial cells produce a secretion controlling the develop¬ 
ment of the accessory and secondary sexual organs Rasmussen, however, 
in a recent review (1928) throws doubt on the vahdity of this conclusion 
Whatever the function of the secretion produced, the morphological changes 
observed m the mterstitial cells m animals with seasonal reproductive activity 
are undoubtedly connected with a cyclic production of secretion In the 
ferret, the cycle m the mterstitial cells and accessory organs follows very closely 
the cycle m the seminiferous tubules Coumer (1923, a), however, found that 
the interstitial cells in the bat appeared to reach their maximum activity after 
spermatogenesis had begun This he correlates with the cycle m the epididymis 
where secretory activity reaches its maximum after the end of the breeding 
season Ccaig-Bennett’s observations on the stickleback (1931) are of mterest 
in this connection He was able by variation of the temperature to dissociate 
the speimatogemc cycle from that m the accessory oxgans, and found that 
development of the sexual characters was always accompanied by heightened 
activity of the mterstitial cells He concludes, however, tluit the secretion of 
the mterstitial tissue alone is not sufficient to cause development of the 
accessory sexual characters and that its activity is not conditioned by a 
threshold temperature The rise of temperature does not directly affect the 
mterstitial tissue but acts through some other glandular organ, possibly the 
pituitary or thyroid bodies 

VIII Sumimry 

(1) Observations have been made on the state of the testis, epididyima> vas 
deferens, and penis m 16 adult and 3 immature male ferrets, killed at different 
penods m the year 

(2) The testis and accessoi^ sexual organs axe m full activity from March 
to July During August, September and October regression takes ]^ace 
After a period of qmescence, preparation for the next breeding season begins 
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m December and results m gradual growth m testis, epididymis, vas deferens, 
and probably also m the penis 

(3) The weight of the testis and epididymis, calculated as a percentage of 
the body weight, is high during the breeding season and falls to the lowest 
point m November, text-fig 1 The increase of weight m the epididymis 
IB closely correlated with that of the testis, text-fig 5 

(4) The diameters of the seminiferous and epididymal tubules show snmlar 
cyclic variation during the year text-figs, 2 and 4 

Connected with the mcreaae m the size of the epididymal tubulea m the 
breeding season is an morease m the height of the epithelium and a reduction 
m thickness of the muscle layers, text-fig 7 
(6) The vas deferens has a greater diameter m the breeding season than m 
the winter months, due largely to growth of the muscular coats 
(6) The mterstitial cells of the testis undergo cyclic changes throughout the 
year. They are large and filled with fat in the breedmg season, and small, 
with httle fat, durmg anosstrus, text-fig 3 

I wish to express my gratitude to Dr A S Parkes for supplying the material, 
for hiB generous help and guidance durmg the course of this research, and for 
reading the paper My thanks ar^ also due to King’s College, London, for a 
grant defraying the histological expenses of the work 
The mveatigation was undertaken and completed dunng the time that I 
held the Harold Bow Research Studentship 
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DESCRIPTION OF PLATES 
AbbreviahOM 

BV t blood vessel, CM, circular muscloe, 6W, cytoplosnue synoytium, D0M, 
degenerating masses, BP , epithelium, F, fat, JG, interstitial cells, JLAf, longitudinal 
lauscles, 8N,, Sertoli nuoletis, 8PC , spermatocyte, SPG , spermatogonium, jSfPT'., 
spermatid, 8T, seixunifeorous tubule, TP , thread processes 

Plata 10 

Pm 1 —Testis of F 1, lulled October 7 Tubules in quiescent condition, interstAtial 
ceils small x 80 

Pro 8 "*~Testis of F 23, March 2. Tubules in full activity; intenrtitlal cells Jorge x 80 

Pka, 8 —Epididymis of F.17 in body region, November 5 Quiescent condition X 80 

Flo 4—Epididynus of F84 in body region, April 1 Condition m breeding season 
X 80 

Plats 11 

Fio 6 —Testis of F 17, November 6, showing " wmtor spermntogomum ” and Sertoli 
nuclei X 1060 

Fm. 6 —Testis of F18, December 5 Spermatocytes becoming numerous. X 1050 
Fig 7 —Testis of F 22, February 4, showing advanced spermatids x 1050 
Peg 8 —Testis of F13, August 1, showing commencement of regression Spermatocytes 
and spermatids loose in lumen x 350 

Plats 12 

Fig 9 —Epididymis of F24, body region, showing development of thread pro c as s ea, 
Apnl 1 X 1050 

Fig 10.— -Epididymis of F 17, body region, showing xegreasion of thread prooeasaa, Novem¬ 
ber 5 X 1050 

Fio 11 —^XnteTsUtial tissue of F 21. Fat scarce and in fine grannies, January 6 Flem¬ 
ming fixation, unstained X 360 

Pm 12 —Interstitial tissue of F 26 Fat abundant and in ooaxM dropletai June 16, 
Flemining fixation, unstained, x 350 

Fm. 13—Voa deferens of F19, showing testing oonditiofLDeoNnber 24 x 80. 

Ack 14.—Vas defareos of F.80. Condition in bteeding aeaaon, June 16 X 30 
Vl^th the exceptionof figs 11 andl2,19aie 18,aB|iRf^acaftiom»amafBomn-&eadmat^ 
atsdnad in bMnatoxjdm and eoaim 
llw mkfophotogmidw am the wodtof Mr. 
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Factors affeetmg the Breedwg of the Ftdd Mouse (Microtua agrestis) 

Part I.— LtglU, 

By JoHK B Baker, D.Phil, and U M Bahbok. 

(From the Depurtment of Zoology and Oompantive Anatomy, Oxford) 
(Communicated by E S Goodrich, F.R 8 —^Received January 11,1932) 

IfUroduclum 

The mvestigatione descnbed m this senes of papers were partly expenmental 
and partly observational The first two papers will deal with the exporimimtal 
wink, and the third with the observationid The observational work has 
shown that Mwrotua agrestis has a definite breeding season m the British Isles, 
extending roughly from March till September This species appeared to be a 
smtable one on which to experiment for the purpose of finding the factors i^nch 
control the breedmg season, a subject on which so bttle is known in any 
mammal Our immediate object has been to find the fiictors, and not to find 
how they work There seem to be two sorts of way m which they might work 
Firstly, one could unagiuo that it might be physiologically impossible for an 
animal like MusnAiis to breed below a certain temperature, or in the abscmee 
of a certain foodstuff There is, however, a second, quite different way m which 
such factors might act It is possible that durmg the course of evolution 
M.%ont%u might have evolved an adaptive response of stopping and starting 
leproduotion when the temperature and food altered with the seasems beytmd 
oertam limits One could imagme the natural selection of the offspring of 
those mdividuals which responded to the environment by breeding only at 
the most appropriate tune for the tearing of the young In our prehminAty 
mvestigatioDs we have not attempted to distinguish between these two possible 
modes of action of factors controUuig the breeding season Our object has 
been to find the factors, irrespective of the way m which they work 
We have regarded the problem from the biological rather than the physio* 
logical pomt of view No doubt we could atop Musnlua from breeding by 
diqiriving it of vitamin B, or subjectuig it to extranes of temperature; but 
our eiqpenments were planned m such a way that our ammala were never 
subjected to unnatural conditionB They were never fed on unnatural foods,* 

* With the exoeptioa meationed later la this paper. 
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uor kept at higher or lower temperatures than occur imtuialiy in Great Britain, 
nor given longer or shorter jKinods of light, nor more intense light We were 
not anxious simply to stop and start the reproduction of Mwroius at wiU, but 
to find what are the natural factors which control ith breeding season in a state 
of nature 

The work was done in the Dt'jmrtmout of Zoolog} and Comparative Anatomy 
at Oxford, and we wish to thank Professor E S Goodrich, F R S, for his 
interest in it Dr F II A Marshall, F B S , most kindly visited us during the 
course of the experiment and gave us his valuable advice We have always 
been m close co-operatiou with Mr C S Elton Till near the end of the 
investigation we were financed by a grant from th(‘ Einpin* Marketing Board, 
allocated to us by the Ministry of Agriculture and Fisheries We wish to thank 
the Board and the Ministry for making the work possible On the expiry of 
this grant, tlie University of Oxford made us another grant to enable us to 
oomph ie the investigation and to keep oui stock of Mtar(tfu8 alive for further 
rescan li We are very grateful for this help Mr A D Middleton has helped 
when cither of us has been away from Oxford Wc could not have obtamed 
the im<*c w'lthout the generous help of the Foiestry (Commission 

Methods 

The stock of Mterotus was gradually built up durmg 1930 from specimens 
trapped on the Forestry Gomnussion aieas in Roxburghshire and Merioneth* 
shire The trappmg of Microfus alive on a large scale is very difficult, because 
it seems imattracted by any bait, and oiil} enters traps if they are placed in 
its run Its lack of mterest m bait makes the usual trap-door release unsuit¬ 
able We have therefore uscil the platform-release trap invented by Mr. 0. S, 
Mton These traps are of zme with wooden bottoms Bread must be placed 
withm the traps to keep the mice alive after capture 
Durmg 1930 we learnt liow best to breed Mmvltut in captivity We planned 
the experiments to start on January 1, 1931, luid end on Ihn'omber 31, 1931 
Wo shall first describe tlie conditions undei which the lontrol mice were 
kept throughout this penod It was our object to keep the control mice always 
under summer conditions of temperature, food, and length of day 
The control mice were kept m four boxes, 17 inches long by 16 inches wide 
by 12 inches high The boxes wore of perforated zinc on creosoted wooden 
frames, with a metal tray beneath There was a la^er of about J inch of peat 
moss at the bottom of each cage Tins were placed in corners for the deposition 
of fsBces The mice were readily taught to use these by placing feeoos m them 
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A nest box and a revolving wire wheel were provided in each cage The mice 
mado frequent use of the wire wheels, which provided sufficient exercise for 
the maintenance of good health We wish to thank Mr Vernon Bailey for 
advioe on keeping Murotus 

The mam natural food of Mtcrotus durmg summer is grass We tried to 
provide the control mice all the year round with growmg grass or its equivalent 
This was easy m summer time For winter use we planted plots of wmter- 
growing grasses, namely, Lohum permne, Poa annua, Poa tnmahs, and 
Cyno8ums These species were' kindly recommended to us by Professor R G 
Stapledon In wmter time in order to insure that actively growing food was 
provided (^ablmge, lettuce oi subterranean clover was given m addition to 
grass The total allowance of food was about 30 grams per day per mouse, 
most of winch was usually eaten The cabbage or other unnatural food did 
not exceed one-tenth of the total and in summer time none was given A tin 
of water was provided m each cage 

Our object was, of course, to keep the mu e at constant summer temperature 
throughout the year Uiinng the summer they were kept in a wooden ammal 
house, and during the c old part of the year in a speeial hot room heated by hot 
water pipes It was not possible to prevent the temperature from vaiyuig 



somewhat from month to month The maximum and minimum temperature 
were taken daily The graph shows the mean temperature for each month 
The mean temperature for the whole year was 18 7° 0 (66® F) For com- 
ponson, the mean outdoor temperature of each month is also shown in the 
gmph» from data kindly supplied by the Radcbffe Observatory The mean 
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moatUiy mayimnyp and Tnittimnm tempeiatureB to which our mice were sub*' 
jeoted are given m the appendix 

Ltg^t was provided for 15 hours each day, except Sunda}rs, when it was about 
4 hours less (On December 27, 1931, owmg to a mbtake, the light was on 
for leas than an hour in both the control and the wmter light ’’ conditiQiis, 
mentioned later) The light was given by one clear glass electnc gas^filled 
bulb of 60 watts, situated about 3 feet above the cages There was sometimes 
also some difEuse daybght during the period when the electnc light was on. 
The humidity was read daily about 11am by means of a hair-hygrometer, 
which was corrected occasionally by a wet and dry bulb thermometer The 
mean relative humidity for the whole year was 84 The mean monthly figures 
arc given m the appendix. 

It will be oliserved that we kept the control mice throughout the year on 
summer food, at summer temperature (or a slightly higher temperature), with 
summer penod of exposure to light 

One adult male was kept m each cage with from one to throe females Our 
object was to keep three females m each cage, but we had not a sufficient stock 
for this purpose Weekly counts showed that the average number of females 
under control conditions was 7 5, instead of 12 

The foUowmg precautions were taken to prevent the possibility that our 
control mice might not be a random sample Every month two females, 
chosen at random, were removed, and two new ones substituted, which had 
already spent at least 3 weeks m store cages under control conditions. No 
mouse was ever mtroduced mto a control cage unless it liad already had 
3 weeks of acclimatisation to control conditions, separate from mice of the 
opposite sex It was decided not to change the males so often, as a new nia\A 
always attacks the females, and deaths and disturbance of reproduction 
result The males were therefore removed, killed, and examined for fecundity 
every 3 months Fresh ones, which had already been subjected to the standard 
acclimatisation, were substituted 

When a mouse died or appeared ill or old, it was removed, and a new one, 
which had been accbmatised, substituted. 

Every week all females were examined, and those that were obviously 
pregnant were removed, and kept m small cages under control conditions until 
the birth of the young (or the absorption of the embryos) New acdimatised 
fomales were substituted 

All the control mice which started the expenment on January 1,1831, ImA 
idieady been accbmatised for the standard S weeks or more. On the 
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of the experiment, on December 31,1931, the malea were killed, and the femalea 
kept under control conditions for 20 days to allow any pregnant ones to produce 
young 

We have now described our controls in detail We also kept thrct* sets of 
experimental mice The first s(*t was exactly similar m every respect to the 
controls, except that only 9 hours of electric light was allowed daily instead of 
J5 We call this the wmter light experiment Another set was m every 
respect similar to the controls, except that the animals were subjected through* 
out to wmter temperature Another set differed only from the controls in 
that wmter food was provided instead of growing grass The winter tempora- 
tuie experiment and the winter food experiment will be reported on m the 
next paper m this senes It will be noticed that we have made the conditions 
of our experimental mice differ from the control conditions m one factor only 
in each case, either light, or temperature, or food 
We must stress the fact tliat our wmter light mice were kept in four cages 
of the same construction as the control cages, with the same beddmg and 
furmture, and that the temperature, food and humidity were the same The 
average number of females under wmter light conditions was 7 8 The 
regular removal and replacement of male and female mice was earned out m 
exactly the same way as with tlie controls, and the standard 3 weeks of acclima¬ 
tisation to the winter light conditions was always carried out before the 
introduction of new mice into the cages The only difference from the controls 
was that they were subjected to 9 hours of electric light daily instead of 16 
The electnc light bulb used was exactly similar to the one used for the controls 
The two females removed each month from the control cages were always 
acclimatised to wmter food conditions, and then mtroduced into the winter 
food experimental eage^ This circulation of female mice extended throughout 
our expenments The mice were circulated as follows every month, the usual 
S weeks of acclimatisation being mvanably adhered to before the introduction 
of mice into the experimental cages — 

Controls to winter food 
Wmter food to winter bght 
Wmter light to wmter temperature 
Winter temperature to controls 

The mice removed from the control and experimental cages each month 
ware selected at random The purpose of this constant cixoulation of mice 
was to rule out chance as far as possible If we had not circulated the mice. 
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there would always have been a remote chance that the mice under one of the 
sets of conditions had inherently different breeding capacities from the others 
Altogether about 65 females passed through the control cages and about 60 
females through the winter light cages 

Besuits 

The nwiults of the winter light experiment are very surprismg We had not 
anticipated that the difference between 9 and 15 hours of light daily would be 
sufficient to have a considerable effect on reproduction The full breeding 
records of the control and winter light mice are shown below Thoic wore, 
on the average, 7 5 control females throughout the year in the control cages 
These produced m the year 47 young in 14 pregnancies In addition there 
were 10 pregnancies which funded m the absorption of the embryos m the uterus 
(or possibly, in some (.ases, m the young bemg eaten at birth without leaving 
any trace) There were, on the average, 7 8 females m the winter light ci^es 
Those only produced 8 young, m three pregnancies There was also one case 
of absorption of embryos In the tabic below, the sign 0 mdioates a 
pregnancy resultmg m the birth of no young, owing to absorption The date 
is the date on which the pregnancy was first observed The numbets indicate 
the number of young bom, the date bemg the date of birth 


Date 

ControlH 

Fxpi'nmcntab | 

1 Date 

Controls 

Bxperimantab 

j 

1S81 

Jannaxy 20 ! 

4 

1 

1031 

Augusts 

0 


Febmaty 18 

1 


August 14 

0 


Mamh4 

0 


fie^uber 18 

4 

_ 

Uaroh 14 

4 

- 

September 22 

3 

— 

IfarohM 

3 j 

— 

October 1 


2 

24 

4 

— 

Octobers 

4 


April Itt 

3 I 

— 

OotoberS 

3 

- ■ 

Apnl27 

iUyll 

.— 

0 

October 27 

1 ^ 


0 

— 

November S 

2 

8 

May 18 

0 

— 

November 0 

0 


May IS 

0 

— 

November 21 

i 

8 

May 18 

0 

.—, 

December 7 

0 


July IS 

2 

— 

December 14 

6 


Auguat S 

0 

1 





The effect of the lessened amount of light might be an effect on the 
only or on the females only The fecundity of the males was determined by 
dissection It might bo thought that it would have been better to test Him 
fecundity by matmg them with females under optimum couditionB for faieed* 
mg, but this has been found impossible in practice, for the following 
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Male Miorotus will Heldom mate at once with Birange femalea m oaptmty 
They tend rather to fight them Conceptione do not ueually occur until a 
male has boon with strange females for a fortiught or more If ho has been 
under optimum breeding conditions durmg this fortnight, his feimndity is no 
evidence of the effect of the experimental conditions upon him 

For this reason we have relied upon the weights of the testes and vcsiculffi 
semmales and the abundance and activity of the sperms as criteria of fecundity 
The organs were weighed m fresh condition The contents of the epididymis 
were exammed in alkaline glucose-salme on a hot stage imder the muroscope 
The number of the sjiermK was reconled as abundant, few, or none The 
activity of the sperms was recorded accordmg to a scheme in which the maxi¬ 
mum activity IS 3+, no activity whatever is 0, and 3, 2+, 2, l+j and 1 are 
intermediate degrees This siheme of grading is fully explained elsewhere 
(Baker, 1931) 

The results are shoi^n in the table Occasional shortage of acchmatised 
males prevented us from bemg able to keep strictly to our plan of killing four 


Table ehowmg Reproductive Condition of Males when Killed for 
Examination 



Weight 

( 

Weight of 

Abundance 

Activity 


Weight 

of 

veaiculo} 

of 

of 

Fecundity 


1 tcftteR 

Bominales 

1 

1 RponnR 

1 

aperma 




Controls 



mm$ 

ffliUigrains 

' milUgrams 


1 


43 

660 

110 

Abundant 

i ^ 

Fecund 

38 

320 

200 


' 2 

Feonnd 7 

38 

360 

lao 


3 

Feound 

84 

650 

9(1 

ft 

3 

Fecund 7 

30 

270 

70 


3 


83 

430 

200 


3 

Feound 

31 

460 

no 


3 


30 

250 

100 


3 

»t 

Non-feeund 

36 

100 

10 

Few 

' 0 



Ezpcnnw'ntalH 



37 

430 

l(K) 

Abundant 

1 3 

FOound 

32 

510 

130 

•« 

3 

ft 

30 

480 

no 


3 

tt 

37 

440 1 

270 

•» 

3-f 

99 

38 

400 I 

160 


3 

tt 

34 

360 

190 


3 

ft 

36 

800 

140 


3 

tt 

36 

30 

10 

Few 

0 

Non-feound 

87 

60 

10 

None 

— 

tt 

38 

190 

40 

Ftew 

0 

It 

30 

170 

20 


0 

99 

36 

240 

20 

Abundant 

3 

Fecund 7 
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malfla every 3 months Several of the males were eaten by the females, and their 
repiodnctive organs could not be studied For these reasons the table shows 
9 control males and 12 expenmentals instead of 16 of each 

For comparison, it must be mentioned that wild adult males m wmter 
generally have testes of 10 milbgrams or less, \esicul£& considerably smaller 
still, and no sperms at all In summer, wild adult males weighmg more 
than 23 grams are always fecund 

The contluflion to be drawn from the table is that both the control and the 
experimental males arc mostly fecund, and the breeding results cannot be 
attributed to an effect of shortened hght-penods on the males There is 
more mfecundity among the expenmentals than among the controls, but 
there is not nearly enough difference to account for the breeding results 

We must conclude that the effect of shortened daily light periods in checking 
reproduction is mainly an effect upon the females The obvious method of 
studying the females would have been to prepare and examine vaginal smears , 
but, unfortunately, the slightest disturbance upsets these wild creatures to a 
surprising degree, and they do not generally breed when handled every day 
Further, doily handlmg would have been contrary to our general prmciple of 
keeping them as far as possible under the conditions of their natural wild 
hfe 

On the conclusion of the (experiment we could not kill the females for histo- 
lexical examination, because wo required thorn for a breedmg stock to start 
a further senes of experiments along the same lines When the next senes is 
finished, the females will be kiUed, and the ovaries and other parts exammed 
histologically Till then we cannot tell the way m which the daily light 
penod affects the reproductive organs 

Ihscusnon 

It 18 said that lights were used m poultry houses m Spam more than a century 
ago for the purpose of increasing egg-production The subject was first 
acientifioally mvestigated in the USA, at West Washmgton Agneultuial 
College, Seattle, and the State Agricultural College, New Brunswick It was 
shown that winter egg-pioduction could be mcieased by artificial illumination 
Bowan (1927) was the first to show that the length of the daily light-period 
affected the reproductive organs of male birds His work was on junoos, 
whose testes were caused to swell durmg the wmter by artjfically moieasmg 
the daily hght-penod. His more recent studies (1928) caused him to n^ppose 
that light did not have a direct effect, but that moieosed daily hght-peviods 
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gave opportunity for more exercise^ and that exercise was the controlling 
factor* These eiqperimentB, however, were on a very small scale, only three 
oontiols bemg used They can therefore not be regarded as conclusive 
Biasonnette (1930) has made similar studies on male starlings on a larger 
scale His results wore the same as far as the effect of increased daily light- 
periods is concerned, but he found that mcreased periods of enforced exercise 
did not stimulate the testes He has also shown (1932) that red light has more 
effect than green m stimulatmg the growth of the testes 
While our work has been m progress, Dr Bissonnette has been extending his 
mvestigations to the ferret He lias kmdly kept us informed of his results 
He finds, as we do, that the female is more affected than the male Perhaps 
it will be found that mammals differ from birds m that the male is less sus- 
oeptible to the effects of hght on reproduction than the female 
It seems improbable that light has a direct controlling effect upon the 
breedmg season of all wild mammals The mole and nocturnal TnaTnmftlH 
arc unlikely to be affected In these forms some other factor or factors must 
control the length of the breeding season It is not impossible, however, that 

Eskimo W'omen are affected by the long winter darkness 


The shortenmg of the* daily period of exposure to light from 15 hours to 


9 hours almost prevents reproduction m the field mouse, Mtcrolus agreatis 


It is the female that is chiefly affected 


Appendix 


Table showmg the 


Month 


Deoember, 1930 
JuuiMy, 1931 
FebnuTv, 1931 
lluidi.1931 
April, 1931 

Jons,1991 
Jvly, 1931 
Anmt, 1981 
asptembcir, 1931 
QAohbr, 1981 
Mbvember, 1981 
Dsosmber, 1981 


Temperatures and Humidity to which the Oontnd and 
Winter Light Mice were exposed 


Mean 

Mean 


maximum 

minimiim 


tempo ratuKi 

tomperaiuie 


19 2 

16 2 

72 

19 9 

16 2 

72 

19 7 

16 6 

68 

19 4 

16 1 

65 

18 8 

16 3 

88 

18 4 

13 6 

81 

20 9 

12 5 

76 

20 4 

13 6 

78 

20 2 

13 0 

77 

ie*6 

10 1 

83 

19 8 

16 7 

82 

21 7 

18 0 

81 

20 2 

16 1 

87 
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Modijicaiion of Manimaltian Sexual Cydes , Reaxtwns of Ferrets 
(Putorms vulgariB) of Both Sexes to Eledrtc Light Added after 
Dark m November and December * 

By Thomas Hume Bissonnette, School of Agnctdture and Expenmental 
Zoology Laboratories, University of Cambridge, England 

(Communicated by F H A Marshall, F B 8 —^Received January 14, 1932 ) 

(Plats 13 ] 

Introduction 

Studies by Rowan (1930 and preceding papers) and Bissonnette (1931, a, b, 
1932, a, b, and preceding papers) and Bissonnette and Wadlimd (1931) have 
shown that m juncos, canaries, crows and starlings, at least, among buds, 
the sexual cycle is conditioned to a great degree by daily light ration Sexual 
activity in both males and females can be modified at will by altering the daily 
light ration with controlled electric lighting from ordinary incandescent bulbs 
(3onad changes, controllable in this way, are closely correlated with migrations 
in junoos and crows, as demonstrated by Rowan (1930, and preceding papers), 
who, however, maintains that it is the added periods of muscular exerciae, 
rather than the light, as such, that condition these changes, m spite of the fset 
that it IS always the oddeil light he uses, rather than exercise, to get his effects, 
Bissonnette disagrees, and holds it is the hfdit that is the major factor m 
oonditiomng the changes in sexual cycles 

* Aided by grant* from the Oomnuttee for RoMamh m Problems of Sex, and Chniito>te> 
Aid Oommittee of the National Research OouhqiI of the United States of Amenoa, adads* 
Mtered tiy the author, who wishes to express his *li«.t»itii- 
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It hag been found, also, that intenaity and ooiour, or wave-length, as well 
as daily period of light are factors in conditioning sexual activity m starlings, 
and the method of increase of light also plays a part (Bissoxmctte 1931, 6, 
1932, Bissonnette and Wadlund, 1931) 

The study to be descnbed here was undertaken to hnd out whether or not 
sexual cycles m mammals with long winter penods of sexual quiescence or 
anosstrum, like those of the starlings, are conditioned in like manner bv daily 
period of light—either daylight or electric bght 
Ferrets {PtUortm vulgarvt) appeared to be almost ideal animals for such a 
study, because the sexual condition of femaleM can be learned by casual inspec¬ 
tion of the vulva This renders operation or further observation unnecessary 
to find out if (BstruB is lieing mdueod In males, size and position of the testes, 
as determined by palpation, give a relatively rough indication of the sexual 
condition, and the matmg reaction and fertibty or non-fertility of matings are 
the best possible cnteria of the conditions of the germinal epithehmn and the 
endocrine gland of the testis The ammals are small and easily kept for breed¬ 
ing and experimental purposes on a standard routme system of feeding and 
care, and they are usually easily handled The complete normal sexual cycles 
of females have been studied in this laboratory and described in all details 
by Marshall (1904) and Hammond and Marshall (1930), and the presence of 
these mvestigators makes study of this problem here most effective The 
male cycle has been well descnbed by Allanson (1931) 


Normal Cycles %n Ferrets 

In females, anosstrum lasts from August till March , osstrum, m the absence 
of the male, from March till August, accompanied by great swelling of the 
vulva and a secretion of serous fluid at the receptive penod This swelhug 
subsides during anosstrum, durmg pregnancy, or pseudo-pregnancy, which 
follows ovulation without fertilisation, and lasts as long as real pregnancy. 
Ovtdation occurs only after prolonged coitus, with either fertile or sterile 
(vaaeotomised) males. Successful coitus lasts from less than half-an-hour to 
S hours and is preceded, usually, by an hour or more of very sadistic courtship. 
The aweUing of the vulva recurs with a second oestrus, following on pregnancy 
or pseudo-pregnancy, should it occur early m the breeding season Complete 
oorzelations of all accessory sex-organ changes m females with the avanan 
changes and condition of the vulva have been determined and descnbed 
(Marshall, 1904; Baxnmcnd and Marshall, 1930) 



324 


T. H. BiBsonnette. 


In moles, there is a similar, but shorter, quiescent penod for the testis, 
acoompanied by a reduoed oondition of accessory sex-organs, lasting from 
October till January, when no sperms are produced or found in the epididymis 
Testes reach their maximum size, in relation to body weight, in March, their 
TnintmiiTn ^ in October Germ-cells have been found to increase in November 
and December (Allanson, 1931) 

This morease in germ-cells in November and December makes it seem some¬ 
what doubtful, to begin vrith, that the increasing light ration of late winter 
and spring constitute as great a factor in conditioning the male sexual cycle in 
the ferret as it has proved to be in starlings (Bissonnotte, 1930, o, 1931, a, b, 
1932 , Bissonette and Wadlund, 1931) That this is so will appear from what 
follows 


Malenal aful Methods 

On October 12, 1931, three male and three female ferrets were placed m 
cages in two vertical rows, males in one row and females m the other, without 
nestmg boxes, and with shavings for bedding m amounts judged to bo too small 
to permit the animals to bury and hide themselves away from the light In 
front of the cages, and slightly above the level of the floors of the two top ones, 
and far enough back from the cages to permit direct electnc bght to reach the 
backs of the lowest ones, a 200-watt incandescent electnc bght bulb, emitting 
bght of approximately 2600 lumens intensity, was fixed in a clamp Hiis one 
bght for all six cages was controlled by a time switch, so regulated that it 
gave continuous bght from 5 to 11 o’clock each night On November 24, this 
was changed to run from 4 30 to 11, to compensate for the natural shortening 
of the daily daybght period The approximate bght rations m foot candles, 
given to the front and liack of each cage by this bght, are given m Table I 
Daylight was freely admitted to the rages by day through a largo window 
toward which they faced 

The room was not artificially heated in any way apart from the lamp, and 
some of the wmdows m the animal house were open at all times Smee the 
room was separated from the other rooms of the animal house only by a partition 
about 10 feet high, with common space above that, temperature m the room 
rose but bttle 

In a similar room, across the narrow comdoi, but lighted by two wmdows by 
day, three females and two males were placed as controls, and fed on zationB 
snmlar and approximately equal to those of the experimental ammob. Ocmtiob 
received no bg^t after sundown and had nesting boxes to curl up m, for warmth, 
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wfaidb probably reduced the daily h^t rations somewhat Boom temperatnre 
was approximately equal to that where the mqiemnmital animals were kept 
After November 24 there was a shght inorease m food zataons to all animals, 
later reduced, because it was noted about that tune that males undergoing 
li^t treatment were losing weight or gettmg thinner on the common ration, 
while females gamed on it However, no records of weights were kept previous 
to that date Weighings were carried out at mtervals thereafter, to test the 
relative gams or losses in weight on the rations, which were kept approxi- 
mutely equal by measuring, but not weighing Data concemmg the animiJs 
used in this experiment and three other females put on lig^t lahonB on 
December 7, are included m Table I 

Females were numbered from above downward m the cages, A, B, C, and the 
males lA, IB and 2, respectively A large male was transferred firom the 
control cages to the lighted cage m place of male No IB, on November 24, 
after No IB died, and this male was designated Transfer No 1 m the table 
Three other females were placed m the lighted room m similar vertical relative 
positions on December 7, and their data and numbers appear under D, E, F, 
femmes from above downward Data for them are incomplete 

Obtervatwns and Beeuka 

Maonsoojnad —On November 16, at 35 days, it was first noticed that the 
vulva of female C, m the lowest experimental cage, was defimtely larger and 
more congested than those of control females and than it had been previously 
Nos A and B were nut yet affected Male No 2 also in the lower cage, had his 
testes somewhat larger than before and still lymg bother forward in the grom 
than the scrotum The other males, lA and IB, were thinner than this one 
and had no appreoiablo testis size inorease 

On November 18, at 37 days, male No IB died from causes unknown, and 
No, lA appeared to be ill Testes of the dead male were taken tot study and 
fixed m Boom’s flmd They appeared to be slightly larger than those of 
ocmtzols as judged by palpation of controls, but were not m tiie scrotum. 

On November 19, at 38 days, the vulva of female G was enlarged to about 
7/8 maTimiim sue as compared with desonptions and figures from Marshall 
(1904) and Hammond and Marshall (1930), respectively On seemg the animal, 
both these investigatorB pronounced the animal on heat ” The vulva of 
female A was becoming enlarged also That of female B was not. She was 
found to be burying herself partly m the ahavinga, of whidi she appeared to 
make better use than the others She was not interfered with, nor her shavings 
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xednced till about Deoember 1, as it was thought this habit might prevent her 
horn oommg on heat or delay her till long after the others reached full cBstnun 
This proved to be correct However, on the reduction of the quantity of 
shavings, she failed to hide from light m them, and she, too« came on heat 

On November 22, some one tampered with the switch and the light ran all 
night 

On Novemlier 24, at 43 days, female A wah on full heat, as shown by the 
swelled vulva, which at this time was at maximum size and tension in female 
C as well, and remained so (Hammond and Marshall, 1930) Female C was 
tried with male No 2, the healthy one, and proved receptive, even teasing the 
male to make him copulate He tried only a few times and then (urled up to 
sleep in spite of her teasing He was rather a small male and seemed to have 
difficulty in mauling her For fear he might never be able to master the 
females, the large male (transfer t) was put into a lighted cage to l>e stimnlate<i, 
from November 24 

On November 25 at 44 days, male lA a pigmented one, died Autopsy 
showed two abscesses, oiu on top of the he^d and one in the thioat His whole 
gemtal tract was removed for study and faxed in Boum*s fluid The gonads 
were cut in two across the middle with a sharp lazor blaile after 24 hours’ 
fixation His hypophysis was fixed in Zenker’s fluid These testes were 
larger than those of the first male to die and than those of controls of similar 
sue He was emaciated 

On November 26 placed female C (first to come on heat) with the male, 
transfer 1, which had only two nights of bght treatment She was receptive, 
and he worried her and made several abortive attempts to copulate, before 
leaving her to curl up to sleep She teased him His behaviour shows that 
even normal midwinter males will attempt to copulate with females in osstarus 
So wiIIrngnesH to attempt to copulate is no very good criterion of sexual potency 
or even of increased libido 

Females A and C were tried every 2 or 3 days with the surviving light-treated 
male. No 2, who showed increasingly effective attempts to copulate The 
females lemamed receptive and their vulvas swelled The newly transferred 
male made more or leas determined attempts to copulate with them also, but 
did not succeed 

On Deoember 6, the light failed to go on, os the switch ran down from lack 
of winding. 

On Deo^ber 10, at 69 days, the male, No 2, copulated with female A for 
46 minutes after securing entry. He was unsuccessful with female C Smears 
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from the vulva of neither female showed spcmis after copulation* A iew 
flagella from the epididymis, m a rather motde fluid, with vaginal epithelial 
oells in oestrouB conditions were found The completeness of the oopulatton 
was confirmed by Drs Marshall and Walton, and assistants At this time the 
testes of this male bulged out the scrotum over which the hair had become 
short This made the testes very prominent He was very keen for copulation 
On December 11, at 60 days, he copulated for about 8 minutes with female 
0 When tried with female A, he was unable to do so as she seemed to have a 
sore vulva and prevented entry 

On December 12 I killed a polecat t 3 rpe ferret, bought from a dealer, and 
fixed the gemtal tract and hypophysis as before Though he was larger than 
either of the males that died, his testes and whole tract were smaller thaw 
theirs 

On December 16, 65 days from the begiunmg of the experiment, and 16 
days after reduction of her shavings, female BV vulva reached about 3/4 
maximum size and she was receptive to the males* 

On this date the vulva of female A, 6 days after copulation, was paler m 
colour and smaUer m size than at copulation 
On December 18, vulvas of females A and C were receding and neither female 
would take the male The testes of the transferred male, No 1, were in the 
scrotum and the hair on it was thinning out, making the testes more prominent 
On December 21, at 70 days from the beginning of the expenment, and 21 
from the time of reduction of shavings for female B, the male, No 2, copulated 
with her for 1 hour and 40 mmutes after entry Smears from her vulva after 
copulation showed motility and flagella, but no motile sperms 
Vulvas of the other two females were much reduced m size 
On December 22, at 71 days, I killed male No 2, wlucb had copulated with 
all three females, and took genital tract and hypophysis for study Teatee, 
penis, and epididymides were much larger than any previously examined in 
this study, and nearly as large as those of a June ferret kindly lent me from the 
collection of Mr J Hammond (found on study to be m full spermatogenesia) 
However, smears made from the fluid of the epididymis of male No 2 did not 
show sperms, though the motile fluid showed flagella or long ciba, probidily 
broken ofi from the bning epithebum, and resembling sperm tads 
On December 23, the vulva of female B, 2 days after copulation, was paler 
and less tense than at copulation. 

On December 27, vulv» of all three females were quite small and 
mammffi were enlarged—especially m the ones tiiat had copulated eadter. 
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On January 6, the valve of D and £, two of the three females put on light 
treatment on December 7, were beginning to eulai|;e Those of the three 
pseudo-pregnant females, A, B, 0, were still dmunishing and their mammal}* 
glands bcginmug to swell Tlieir mammie and the areolae surroundmg them 
were quite definitely pigmented in contrast to those of controls, still small and 
not pigmented This pigmentation of the mammary regions of pseudo- 
pregnant ferrets has not been described before, so far as we can ascertain 
The fact m this case has been confirmed on examination by Mr J Hammond 
and assistants 

At the time of writing, the period of gestation, or of pseudo-pregnancy, of 
females A, B, C, is not complete , so it is impossible to be sure whether we have 
real or pseudo-pregnancy, though the microscopical condition of the testes 
of the male used in copulation, and stimulated to such behaviour by light 
treatment, seems to preclude the possibility of true pregnancy * 

Mtcroscopical Fmdvngs —^No study has been made of the ovanes or other 
reproductive organs of the females used, because it was deemed better to let 
them complete the iieriod of gestation or pseudo-pregnancy This time will 
expire for female A on January 21, and for female B on February 1, approxi¬ 
mately 

Microscopical studies have been made of testes of two ferrets lent us by Mr 
John Hammond, of the School of Agriculture, one a Juno ferret m complete 
spermatogenesis, one an October ferret, voseotomised the preceding March, 
and having copulated six times before* bi*uig killed in Oitober, of a normal 
male killed on December 12 , of a light-stimulated male killed on December 22, 
after copulating sm^cjesafully with three females between December 10 and 21, 
and of two light-treated males tliat died at 37 and 44 days of treatment on 
November 18 and 25, respectively While these last two ferrets were not 
normal, their lUnesses were in no way likely to mcrease the effects of light 
treatments, but rather to dimmish them So they are mcluded m this study 
because the numbers used were so small that no pertment evidence should be 
neglected Lumtation of this matenal must be kept m mmd 

Without going mto details, the findings may be stated as follows Testioular 
tubules of the June ferret, fig 1, Plate 13, show all stages of spermatogenesis 
up to and mdudmg mature sperms Interstitial cells are moderately large 
and numerous Smee their condition and that of the epididymis has been well 
desenbed (Albmson, 1931), they will not be dealt with here 

* On oompletion ol tile geertation peiiod, no young were bdm. ho that oo|mlatum 
resulted m peeudo^pregnanc^ only 
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Testis tabules of the October ferret, fig 2, Plate 13| have large vacaoks in 
the mtia-tubular cytoplasm, and germ*cells are reduced to spennatogonia 
only Sertoh cells are numerous Interstitial cells are relatively m 
number and small m size, as judged by the areas of mterstitial ceUs m section 
between tubules, as described by Allanson (1931) The limng of the epididymis 

consists of closely packed short epithelial cells without signs of long flagdla 
or odia The tube is coded in close connective tissue Hith apparently some 
mvoluntaiy muscle tissue close outside the epithelium fig 4, Plate 13 
Testis tubules of the December 12 normal ferret, fig 3, Plate 13, are about 
half as large m diameter as those of the June ferret and about 2/3 as large m 
diameter as those of the December 22 light-treated ferret killed after copulation 
Closely packed small interstitial cells occupy smaller areas in sections tlian in 
the light-treated ferret, in spite of the much smaller size of the tubules As 
compared with the June ferret, they occupy larger spaces in companson with 
the size of the tubules Spermatogoma and primary spermatocytes are 
present, but they do not by any means fill the tubules, and many tubule 
sections do not show primary spermatocytes at all Some tubules stiU have 
laige vacuoles in their centre like those of the October ferret However, the 
cjrtoplasm in the tubules does not show the stringy appearance nor Sertoh 
cell outlines, so conspicuous in the Octolier ferret The germmal epithelium 
seems to be just beginning to recover from regression and necrosis occumng 
in September and October Some parts of tubules have not yet recovered 
completely, while some have begun germ-cell growth changes The epididynua 
linmg IS composed of short columnar epithelium without f dia or flagella Con¬ 
nective tissue and muscle cells are thick, fig 4 
Testis tubules of the turret, IB, that died on November 18, after 37 days of 
treatment, fig 5, Plate 13, are almost filled with germ-cells and Sertoh cells 
Spermatogonia, spermatocytes, and intermediate cells in synizesis, are very 
numerouH Sertoh cell outlines and those of germ-cells are conspicuous. 
Mitoses are more numerous than m the preceding animal of December 12. 
Inteistitjal cells are small, and crowded m relatively small regions between the 
apparently expanding tubules The epithelial epididymis lining is much 
taUer than m the preceding animal and active multiplication of cells and elonga¬ 
tion of the columnar epithelial cells are very marked, fig 6, Hate 13 Flagella 
or long ciha are present, though not so long as in the December 22, hght- 
stunulated animal, after copulations, fig 9, Plato 13 
Testis tubules of the lA ferret, fig 7, Plate 13, that died on November 26, 
after 44 days’ treatment, have fewer spennatoojrtes, mitoses, and syiuzena 
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siagM of germ-'oeiU than the ptooeding animal. Some tubule seotiouB have 
gmet oontral vacuoles, others a much denser cytoplasm Tubules are smaller, 
and closely packed small mteistitial cells, with bttle cytoplasm, occupy 
relatively larger regions between them The epididymis is like that of the 
preceding ferret, fig. 8, Plate 13 

It should be noted in passmg that, as a result of his position when curled 
up to sleep, this animal did not receive as much light on his body as the 
preoodmg ferret He was also a pigmented, or pole-cat ” type of ferret, 
whereas the other was not What the effect of this pigmentation may be on 
reactions to light is not yet known A similar difference m rate of reaction to 
the light treatment was found among the females In curling up to sleep, 
ferrets form a circle with the head and fe€*t inside the rmg formed by the body 
As these ferrets were in cages in vertical rows, the areas of the ellipses forminl 
and of the body exposed to the light were greatest for ferrets m the lowest 
cages and least for the top ones However, their distances, in the lowest 
cages, were greatest Smee the resultant light dose is inversely as the square 
of the distance and directly as the mtensity of the light source and the area 
exposed to it, if the skin is the receptor, the two may approximately balance 
each other If the eyes are the re(*eptors concerned, the position of the head 
mside the rmg and the permeability of the tissues intervening between the 
retinas and the light would also become factors, regiilatmg the effective dose 
In any case, this ferret was m the upper cage, m which the area exposed is 
smallest and the eyes most shielded from the light during sleep, but the distance 
from the light is least If the skm is the receptor and other factors are kept 
constant, the effective dose of light is conditioned by the formula, S===lx A/D*, 
when 8 =» effective dose, I - intensity of light source, A 5=5 area of the surface 
exposed to light, and D is the distance from the light source to the receptor 
It IS not yet known whether skm of the body, or eyes, or both, act as light 
receptors m this reaction It is signifirant, however, that in both sexea the 
animals m the lowest cages wen' found to react most quickly to the light 
stimulus, all other conditions bemg kept as nearly equal as possible 

The teates of the male, No 2, killed on December 22, figs 9 A, B, after 71 days’ 
treatment, and three successful copulations, are larger than any of those 
described here except the June ferret Testis tubules are about 3/4 as great 
m diameter as those of the June ferret, fig 1, and 1| times as great as those of 
the December 12 ferret, fig 3 Interstitial cells are greatly mcreased m sise 
and numbers, m the angles between tubules, and their nuclei stam very 
intensely with iron-hematoxylm after Bourn’s fluid Germ-oells are much 
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more numerous than m the normal December 12 ferret and about equal to 
those of the IB ferret, that died after 87 days' treatment, hg 6 However, 
there is muoh more cytoplasm withm the tubules than m the latter, and m 
some tubules this is very stnngy m appearance in stained sections Free 
cavities arc found m most tubules, but some are filled with germ-cells and 
cji^plasm Both pnmaiy and secondary spermatocytes and a few spermatids 
are present m some tubules No sperms are present so far as noted Both 
germ^ccUs and interstitial cells have been stimulated, the latter relatively 
mucvh more than the former 

The epidid>niiB has been greatly stimiiiatcd by the treatment, fig 10, Plate 
13 The epithelial linmg consists of very tall columnar cells with long cilia or 
flagella The connective tissue and muscle cells, outside the lining, are 
stretched and thinned out in comparison with other animals studied, from 
autumn and wmter The whole epididymis is enlarged and resembles that of 
the actively brcedmg fern^t It appears to react on parallel linos with the 
interstitial cells, though increased germ-cells arc also correlated with it 

In general, it may be said that the light treatment mduces complete tBstrus 
m female ferrets, Icadmg to copulations and at least pseudo-pregnancy accom¬ 
panied by mammary gland stimulation and areolar pigmentation. 3%e 
macroscopic changes in the vulva are similar to those of normally oocurrmg 
oestrus, and so is behaviour In males, treatment results in great stimulation 
of the interstitial cells of the testis, paralleled by mcreased size of the penis 
and epididymis, and particularly of the columnar epithebum lining the epididy¬ 
mis Spermatogenesis is stimulated , but only partly, as compared with the 
normal cycle Spermatocyte, and even rare spermatid formation, was mduoed 
in 71 days, but no sperms Libido was raised to the normal breedmg pitch 
and successful copulations occurred, lasting as long as 1 hour and 40 mmutes^ 
which, however, appear to lead only to pseudo-pregnancies Oopalations 
occurred as early as 50 days after the treatments began, though the females 
were receptive as early as 38 days from the begmnmg of treatment Partiat 
protection from the light, as afforded by full beds of shavings, reduced the 
eflectiveness of treatment and delayed the onset of oestrus 

Jh9CUB9%0n 

The n'sults described above show that m some mammals, at least, setual 
cycles are more or less conditioned by the daily light ration from the vunlde 
region of the spootmm This was also shown to be true of buds (staelmgs. 
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crcnro^ canaries, wd juncos) studied by Bissonnette (1931, a, 6,1932), Bisscm- 
nette wd Wadlund (1931), and Rowan (1929, 1930, and previous papers) 
However, m ferrets the females are most completely dependent on light ration 
for their sexual cycles, while the males respond more slowly or less completely, 
and reqmre additional treatment of some sort In males there is something 
wanting or maladjusted, m the treatment given, which is necessary for complete 
spermatogenesis Accessory sex organs of males respond apparently com¬ 
pletely, and matmg takes place , but incompleteness of spermatc^enic response 
renders these matings sterile 

In birds, on the other hand, the males apparently respond to similar light 
treatment somewhat more quickly and just as completely as the females No 
matmg or egg-laying as a result of artihcial light stimulation out of season has 
yet been reported, and the deficiency appears to be on the female side m birds 
However, the ovaries of birds artificially stimulated bv light develop large 
fdlhcles, and their oviducts become similar m size and gross appearance to 
those of normally breedmg females (Bissonnette, and Rowan, as above cited) 
Studies by Baker and Ranson (who apptmr to be the first to study the 
relation of light rations to sexual cycles m mammals) on voles, show that the 
females of that species respond to modification of light ration most completely 
and fail to reproduce on a reduced light ration, while males remain potent 
and fertile They find that other factors beside light are concerned with sexual 
cycles m voles, particularly m males (Baker and Ranson, 1932) 

Parallel results m expenments with anterior lobe hypophysis implants, 
extract injections, and replacement expenments, and with prolan (Zondek- 
Aschheim), suggest that the light-mduccd sexual cycle reactions, m both birds 
mid mammals, are bound up, at least m part, with anterior lobe hypophysis 
activity and hormone balance, m both mature and immature animab (Bourg, 
1930; Brouha and Simonnet, 1930 , Desohn and Brouha, 1931, Engle, 1931, 
and preceding papers, Fourcin, 1931, Hill, 1931 , Kraus, 1930, Moore, 
1980, Moore and Price, 1931, Noether, 1930, Riddle and Flemion, 1928, 
Riddle and Polhemus, 1931 , Schockaert, 1931, Tallent, 1931, and many 
others cited by them) 

In particular, the results obtained by Hill and Parkes (1930) on the an- 
CBstrons ferret, and on the rat rendered ancestrous by dietary deficiencies, by 
Merriam and Parkes (1929), come close to the reactions here desonbed for 
iemts m the ancestrous period, treated with moreaaed light rations, and 
anggest a fundamentally similar cause 
It u impossible to go mto dl the vast bteratuie on ganad-hypophysis inter- 
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acticmA here. The studies above cited a^aear to touch Cor mnk moat uea^y 
and their bibkographies wiU cover most of the pertment stndieB. 

As suggested to me by Mr JohnHammoQdofthiBlaboi!atoiy,itkimteMBtiag, 
evmi if not pertment to this situation, that, m birds, the male, and, in maimnals, 
the female, are homozygous for sex and homogametic, and these are the sens 
in these classes that are most susceptible to light ration changes and changes 
in anterior lobe hypophysis, hormone balance or coneentration, urhile the 
hetenuqrgons heterogametic sexes are less susceptible This may, or may not, 
have any casual relation to the situation , but, if it has, a gmetie bams in 
the sex chromosomes underlies the difference in reaction of the two sexes to 
these endocrme and environmental variables 

iiummary 

(1) Between October 12 and January 5, three female ferrets, subjected to 
hours of electric hght per night, of between 4 8B and 14 1 foot candles 

mtensity (as measured at backs and fronts of the cages), came on heat, ab¬ 
lated, and became pseudo-pregnant, with mammary gland activity Oontnds 
underwent no change 

(2) Full oestrus was induced m 38-64 days, with typical vulval swelling, 
successful coitus m 69-70 days, followed by the usual external changes of 
pseodo-pregnanoy 

(8) In males, subjected to like treatment, mterstitial cells were greatly 
stimulated This was accompanied by penis and epididymis eulatgement to 
breeding condition, and by moreasod libido, leading to copulation m 89 days. 
Spermatogenesis was stimulated to secondary spermatocyte and rate spermatid 
formation, but no mature sperms were found, even at 71 days 

(4) While sexual cycles m female ferrets aae conditioned largely, if not 
comj^etely, by light rations m the visible jiart of the spectrum, males arc 
much less so, and requite some other conditioning factors for complete ieirtility. 

(6) This situation m mammals differs from that m buds, where males age 
mote reaponsive than females 

(6) In the light of parallel reactions of birds and mamnuds to changes m. 
anterior lobe hypophysis, hormone concentration and balance, it is suspected 
that there is a ocanmon fundamental cause, and that li(^t may act throng 
moiBfying anterior lobe activity, or susceptibility to it. 

(7) A fundamental genetic difference between birds and mammab, condated 
with this difference m reaetion to anterku Iqbe hcamoae and li|^ rntmie 
changes, is poudiod out. 








EXPLANATION OF PLATE. 


N.B —Figures are from photomicrographs all taken at the same magnifloatlon of about 

385 diamotem in the first instance and reduood in reprodaotikm. 

Fta* 1 —^Testis tubules of normal June ferret. In complete spermatogeiiesu 

Fia 3.—Testis tubules of an October ferret, vaseotomiaed the previous Mairoh, and 
copulating six times sucoeesfuUy before bemg killed. 

Fio. 8 —Testis tubules of a normal ferret killed December 12,1081. 

Fto 4 —^Epididymis section from normal ferret killed December 12 

FlCi 5 —Testis tubules of light-treated ferret IB, died November 18, after 37 days of kght 
treatment 

Fio. 6 —Epididymis section of light-treated ferret IB 

Fig 7 —^Testis tubules of light-treated ferret lA Iked November 25, after 44 days of 
light treatment 

Fio 8 - -Epididymis section from light-treated ferret lA 

Flos 9 A and B —Testis tubnles of light treated ferret, No 2 Killed December 22, 
after three copulations between December 10 and 21, and 71 days of light troatment 

Kio 10 —Epididymis section from light-treated ferret. No 2 
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The Formaiwn of Ice %n Protojilcam 
By Robkrt Chambkbs and H P Halb 

(Communicatod by Sir William B Hardy, F R S - -Received January 16, 19.32 ) 
(from the Low Temperature Beseaich Station, Cambndge) 

[Plxtbs 14-17 3 

Though the eifect of freezing plant tisanes has been studied by Tariotu 
workers (Bachmetjew, 1901, Cameron, 1930, Gkirtner, 1929, Maxinow, 
1929, Payne, 1926, Pfeffer, 1903 , Stiles, 1930) almost uothmg is known of 
the way m which ice forms within living proto^asm Molisoh (1897) seems 
to have been the first to describe the appeaianoe of minute blocks of ice withm 
the substance of amosbee frozen imder the microscope m a speoudly con* 
strocted cold chamber On thawing, the substance of the amoeba had a 
sponge-hke appearance, the spaces representing the places whidi had been 
occupied by the loe 

When livmg muscle is thoroughly frozen ice fonns between as well as within 
the fibres, and the relative quantity in the two sitnations depends upon the 
rate of cooling, as was first clearly shown by Plank, Ebtenbaum and Renter 
(1916) 

We have directly followed, under the nucrosoope, the actual formation of 
ice within and upon the surface of isolated cells and found that the odl meinbitenA 
can act as a barrier delaying or preventing mvaaion of the cell by loe, so that 
the temperature of freezmg of the piotoplaun may Appear to be lower than that 
of the outside medium 

The foUowmg cells were used isolated muscle fibres from the sertoms of 
the frog, flNsh water amosbe supplied from the Zoidogioal Laboiatoiy at 
Oambridge, and the opidemtal ceBs of the bulb soalro <rf the ted onieii. 
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A oonqwond nuciottccipe and a nuoro-mampulating apparatus together 
mth a suitable heating device and a thermocouple were set up m a room at the 
deaued temperature The tissue, however, was prepared in a room at the 
ordinaiy air temperature 

Portions of muscle fibres, 3-5 mm m length, were transferred directly into a 
dish of liquid paraffin where they were moved about sc\eral times to remove 
all but a minimum of the surrounding lymph They were then placed on a 
oovershp m a hanging drop of the paraffin The amosbso were first placed m 
a droplet of water on a covorslip and the droplet surrounded by a nng of 
liquid parafiin enclosing a space of about C mm in diameter As mucli as 
possible of the water was removed and a drop of liquid paraffin was then 
deposited so as to make contact with the ring of paraffin and to enclose the 
water drop The amoebse thus lay more or less tightly pressed against the 
coverslip m a nunmium amount of water which was enclosed witfam liqmd 
parafiin In this condition the amoebae remain alive for hours The onion 
epidermis was removed from the convex surface of the bulb scales m thm 
tangential sections which wore immersed directly m the oil The tissues and 
cells prepared in this way were carried on covershp'ii to a lold room at 0** C 
where they were kept for varying lengths of time, from 6 minutes to 1 hour, 
before being transferred to the desired low temperature 

The covcTslip with thc^ iiangmg drop was mounted on a chamber on the 
stage of the microscope The chamber consisted of a glass slide with four 
brass blocks, 1 cm high, placed at four comers to support the coverslip In 
this way the chamber was open on all sides to permit the insertion of the 
various instruments for operation The temperature of the hanging drop 
was asoertamed by immersing in it a 5-6 mm length of a i^opper-constantm 
te rmina l of a thermocouple attached to a galvanometer A microheating 
device consisted of a small loop of fine platinum wire the ends of which were 
soldered to the terminals of two copper wires connected with a 2-volt battery 
and a simple, sbding potentiometer The platmum tip of the heatmg device 
and the constantm-copper terminal of the thermocouple were inserted, one on 
each Bide of the microscope, between the brass supports of the operating 
chamber so that they could be approached to or immersed in the hanging 
drop. When a temperature measurement was actually being made the 
thermocouple was, of course, withm the oil but as close as possible to the 
cells then under observation A mioroneedle and a micropipette mounted 
on a miescHinanqmlator, projected into the chamber from the front in the 
usual way. 
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No difficulty was encountered m secormg suboodliiig without fraesiqg of 
the oells and of the medium surrounding them This was due undoubtedly 
to the welt known fact that liquids in capillary spaces withstand hraesing far 
more readily than do liquids m larger amounts 
The Bubcooled tissue and the medium surrounding it were caused to freese, 
while under observation, in the following way A smaU mass of ico-auow was 
deposited on the under surface of the covendip close to the han g in g drop 
While the temperature of the drop was being detenmned by means of the thermo* 
couple a mmute ice crj’stol was seized ou the tip of the mictoneedle and earned 
through the superficial layer of oil of the drop into the film of hquid which 
contained the cells. In order to freeze the interior of the cells a nucippipette 
containing icc was used The pipette woe prepared by filling it with water 
and inserting its tip mto a mass of snow on the coverslip and then immediately 
removing it The consequent freezmg of the water resulted m a mmute 
column of icc projecting from the tip of the pipette 
The temprature of the bangmg drop during the period of obeervatimi was 
considetably higher than that of the cold room m which the observationa 
were mode This was primarily due to the heat from the muuosoope lamp 
and from the bodies of the two observers To lessen this nse m temperature 
a large, coolmg filter, filled with dilute glycerol and floating loe, was mterposed 
between the light and the microscope, and the microscope itself was shielded 
by wrappuigs of paper sheets and the nuotoscopo and mampulator woce 
touched only with nuttened hands A low power substage oondeuset was used 
but occasionally this was dispensed with, the condensing being done by the 
concave mirror of the microscope The objectives most commonly used were 
the Leitz t]3 and t|6 A Leitz demonstratiou eyepiece was used constantly’ 
so that all the observations were made simultaneously by two observers. 

The contractility of the fibres at room temperature was tested by blowing a 
small quantity of 1/10 M CaClg with a micropipctte on the surface of the fibre. 
This induces a pronotmeed contraction of a healthy fibre Stimulation with 
electrodes was tried with mdifferent sucoess, possibly because the tips of the 
electrodes became coated with oil as they were being pushed through the drop 
to teach the fibre 

Experthbhtal . 

A —Isolated Muscle Fibres [Frog Sartonus) 

1. Subcooling —Subcoolmg within limits does not senously affect the alufa^ 
of the fibre to undergo contraction after it has been iKought book to xoqsl 
temperature 
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Some fibres were kept at —9 5° C for 2 hours On being tested with 1/10 M 
Ca€9| at room temperature the fibres gave a violent contiaetion Others 
were kept at —15° C for 3 hours and then brought back to the laboratory. 
Host of them underwent irreversible contraction durmg their transference 
from the cold to the warm room but those which remained extended gave a 
distmct response with CaCl^. 

2 Surfaee Freezing —To obtam surface freesing of the fibres the observa- 
turns were made in a cold room kept at a temperature of —3° C* ± 0*1° C* 
Fig. 1, a, Plate 14, shows a fibre with a mmunal film of interstitial flmd 
separating it from the liquid paraffin in which it was immersed When the 
galvanometer indicated a temperature of — 1 3° C the fibre was touched at 
one end with a crystal of ice This started the formation of ice flakes which 
spread over the surface of the fabre from the touched end to the other, fig 1, b, 
Plate 14 Owing no doubt to sliglit differences of temperature, or to variation 
m the thickness of the film of fluid, the rate of travel of the surface freezing 
was found to vary considerably, the rate being sometimes 3-4 seconds and at 
other times 3 9 seconds for a length of 3 mm No surface freezing could be 
produced at a temperature above —1 2° C of the hanging drop At —1 4° 
the rate of freezing was distmctly jiicreased, and at —1 6° C it was rapid 
When the preparation was thawed the fibres usually remamed uncontracted 
although occasionally some underwent partial contraction On being brought 
back to a warm room (approximately 18-20° C) the extended fibres could be 
made to undergo contraction with CaOI^ 

A general idea of the consistency of a fibre imbedded in ice and, therefore^ 
as it will appear later, partially dehydrated, is shown mfig 2, a, b, c, Plate 14 
This fibre, freshly prepared, was kept at —3° C for half an hour The light 
was then turned on whereupon the temperature of the drop loso to —1*2° C 
At this temperature an ice crystal was apphod to one side of the fibre and surface 
freezing slowly extended from the pomt of apphcation all over the film* When 
zemovmg the needle which carried the ice crystal used for seeding, some of the 
loe on the fibre broke off and was carried away Durmg the mampulation 
partial thawing took place as the temperature rose for a few nunutes to 
—0*8° 0. The temperature then dropped to —1 *2° and the freezing slowly 
extended again The temperature finally became stationary at —1 3° with 
the entire fibre covered with ice except for one region as shown m fig 2, a 
After 1 hour in this frozen condition the bare region of the fibre was compressed 
on one side with the pomt of a mieroneedle, fig 2, 6. On zenumog the needle 
the bulge slowly dimmished, fig 2, c, indicating a marked mcrease m con- 
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sistency over that which obtams m a muscle at oxdinaiy tempefatum. 
Fifteen hoois later the fibre was thawed with no appreciable contraction taldx^ 
place 

The change m form of the superficia] ice and the fact that a fibre can 
undergo contraction while coated with ice (thus partially frozen) is shown 
m fig 3, or^, Plato 14 Fairly rapid surface freozmg was produced at —1*4®, 
fig 3, a The fibre was then left at -2 0° for 3 honn and then re-examined, 
fig 3, 6 The superficial ico flakes have considerably enlarged and more or 
less fused together The fibre was then partially thawed but without allowing 
the greater part of the ice to melt A spontaneous contraction then took 
place, shown in fig 3, c, where one end of the contracted fibre is indicated 
at X 

Some attempts were made to determme visually whether the fibre lost water 
to the extenor durmg the process of surface freezing With long standing 
there does seem to be an mcreasc ui the total amount of superficial ice but, 
owing to the fact that the ice crystals tend to fuse mto irregular masaes, the 
measuiements proved to bo too uncertain for comparison However, it is 
significant that the longer a fibre has been allowed to stand with its aitebce 
frozen the less likely can visible mtemal freezing be mduced even at snoh low 
temperatures as —6® and —6° 

3 InUnnuU Fremng —^No internal freezing of a fibre was ever observed 
until the temperature of the drop fell to —1 6® C, and then only when freezing 
was started mtim, the interior, e y, by bringing an ice-crystal mto oontaet 
with the cut end of the fibre or by plunging an loe-tipped mioiopipette thiongh 
the sarcolemma 

Fig 4, Plate 14, represents a fibre which was bronght mto a room at —3® C. 
The hangmg drop under the microscope took on a temperature of —1'8® C 
and the fibre appeared as in fig 4, a In thu snbcooled conditum the fibre 
was punctured with a needle and moved about, but no freezing oocntted 
The fibre was then touched at its out end with an ice-crystal Surface freezing 
rapidly spread over the fibre and this was followed, at a distmctly slower rate, 
by the progressive advance of slender columns of ice throogh the substajice 
of the fibre Fig 4, 6, shows the fibre completely frozen mtemally and 
externally The rate of advance of the external ite was of the order ci 7-8 
seconds along a length of 3 mm, while that of the internal loe edmnns was 
10-15 seconds for the same length When the same experiment was made at 
a temperature of —3® C the rates were much inereased, but m dl oaees ^ 
internal freezing woe distinctly slower than the external On thawmg, ^ 
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internal ice melted first* The fibre then shortened with signs of mtemal die* 
mtegration into promment longitudmal fibnlhe Fig 4, o, is a photograph 
after thawmg of the fibre m fig 4, a and b The shortened portion is appreciably 
thickened and tlie coarse fibrillar structure is apparent Around this portion 
IS an appreciable amount of exuded water 

Fig 5, Plate 15, shows a fibre whicli had been frozen m a room at —5^ C 
It shows the pointed tips of numerous mtemal ice columns By slightly 
warming the drop tlie columns recede They advance when the temperature 
IS again lowered Fig 6, Plate 15, shows another fibre which had been frozen, 
thawed and frozen agam three times in succession The photograph was 
taken m the last frozen < ondition The ice columns are comparatively large 
and few m number, a condition which occurs after several succ^ive freezings 

During thawmg, the conical tips of the ice cylinders become rounded and the 
recession apparently consists m a reabsorption of the liquefied column into 
the surrounding sarcoplasm Occasionally, the resorption farther along the 
column is more rapid than at the tip This results in a breaking of the column 
mto one or more sphencal and sometimes ovoid droplets which are left m tntu 
while the rest of the column continues to roc’ode The droplets which are left 
behind dimmish and vamsh after a second or two 

Fig 7, Plate 15, shows another fibre with the tips of mtemal ice columns 
If the advance is slow the columns may not extend beyond a certam 
distance When this nccurH it was found, by probing with a needle, tliat 
the unfrozen portion of the fibre was very stiff This suggests that this part 
of the fibre had become dehydrated by the loss of water to the advancmg 
columns 

The highest temprature at which internal freezmg could be mduced was 
-—1 6° C At this temprature the advance of the columns of ice was slow 
At ~1 8° there was a distmct acceleration Lowering of the temprature 
also resulted m a progressive mciease m number with diminished diameter 
of the ice columns The fibre shown m fig 8, Plate 15, was internally frozen 
at a temprature of C The ice columns are numerous and slender and 
it 18 of mterost to note that they run spirally This is due to the fact that the 
fibre hod been twisted before freezmg There seems to be no doubt that the 
formation of the longitudinally arranged ice columns is an indication of 
longituduuilly arranged solid elements m the fibre When the fibre is twisted 
the sohd elements or myofibnlks are correspndmj^y twisted and, therefore, 
the farmation of ice in the fluid interstices between the fibnlle assume the 


same course 
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A aigiuficant feature of the intemal freojsing is that the mere {Heesenoe of 
ice outside the fibre does not produce internal freezing If a fibre is touched 
with an ice-crystal at some pomt along its middle, the surface freezing spinads 
from the point m all directions, and it is not until the ice has reached the out 
ends of the fibre that internal freezmg starts at those two ends and spreads 
inward If the surface of the fibre is tom at a spot m advance of the forming 
external ice, then mtemal freezmg starts at the tom spot so soon as the external 
ice reaches it Another method of producing intemal ice is to puncture a 
fibre with an ice-tipped micropipette The mternal tee columns start at the 
tip of the pipette and spread m two directions through the fibre 
If a subcooled fibre, cut at both ends, is inoculated with ice at one end the 
external ice will reach the other cut end considerably in advance of the ice 
columns travellmg along the interior Inoculation of the interior at this end 
may then take plaf*e with the reault that a new set of mtemal ice columns is 
generated They travel down the fibre to meet those wluch had been started 
at the other end Fig 9, a, Plate 15, shows this m a fibre internally frozen at 
—6® C with ice columns which have been generated at both ends of the fibre 
Fig 9, A, Plate 15, shows, under higher magmfication, several loe columns, 
X, with tlieir tips extending downward m the figure These columns had been 
started by the arrival of the external ice at the cut end of the fibre opposite 
to the end where the origmal inoculation had been made 
Occasionally an internally frozen muscle fibre was too dense to penmt 
visibility of the mtenor In such cases partial thawing brought the longi* 
tudmal columns into view, as if intervening, fine crystals had thawed out 
Fig 10, Plato 16, IS a photograph of a fibre which had been caused to freeze 
mtemally by seeding at one cut end The ice columns advonc^ed rather 
slowly and stopped before reaching the other end of the fibre After several 
hours in the low temperature room the preparation was partially thawed and 
then refrozen The ice columns receded durmg the thawing and when they 
advanml again they did not reach their ongmal lengths The pieparatiou 
was left 111 the low temperature room till the next day, when the photograph 
was taken The photograph shows the ice columns m the n^frozen condition 
Beyond the tips of the columns can be seen delicate sphts m the fibre caused 
by the previous advance of the loe columns durmg the first freezmg This 
preparation demonstrates the dehydrating action of internal freezmg When 
the freezmg is allowed to occur at a slow rate yrater evidently is withdrawn 
from the fibre m advance of the forming ice columns The result is that the 
columns do not extend the full length of the fibre and the phenomenon becomes 
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aooentnated after thawing and re-freezing Inoidentdly the photograph 
also diOws the swelling efEect on the fibre when the interior is frozen 

Fibres m which mtomal freezing was complete wen' always found to be 
dead on thawing (sec later, p 847) 

B —Freezing Experiments wUh the Fresh-wOiter Amaba 

Movement of the animal as a whole ceases when an amoeba is suboooled to 
—4® or —6® C, but slow streamy movements still continue and they cause 
slow but continuous changes m shapi' 

Agitation with a microneedle causes a back and forth flow of the granules, 
but the flow 18 passive and stops as soon as the needle is held motionless 
Occasionally, a hyalme zone slowly apjK'ais lieneath the penpherv of the 
amoeba, indicating a gradual movement of the granules The pellicle can be 
pulled out into a long strand wluch slowly returns when released 
A peculiar feature m these subcooled amcBliie is an appai'ent stiffening of the 
pdliole and of the vacuolar membranes The contractile vacuole could be 
pinched into two spheres, an operation which is very difficult in an amoeba at 
ordinary temperatures when such an operation usually results m the bursting 
and dissipation of the vacuole The readiness with whn li reformation of a 
membrane occurs is also shown by the ease with which a pseudopodium could 
be out off The separated portion quickly rounds up while the rest of the 
amoeba recovers with no loss of its contents 
Fig 11, a, Plate 16, represents on amoeba in subcooled water at —0 6® C 
Fig 11,6, Plate 16, is the same amoeba after the surroundmg water had been 
fcozeiL The form of the amoeba m both conditions is practically the same 
However, slight changes m shape do occur When the external freezing process 
IB slow, e p, at —0 3® C, and is started at some distance from the amoeba, 
the advancmg borders of the growing, flat cakes of ice move more slowly the 
closer they approach the amoeba and they stop before coming mto contact with 
it It is not until the amoeba is surrounded with ice that the narrow zone of 
water about it freezes When the preparation is made with a very thm film 
of water around the amoeba the ice is fiagile enough to be mdented and pierced 
with micioneedles It can be then shown that the interior of the amoeba is 
ztiU fluid and the C3rtoplasmic granules can be moved about by compressing 
the amoeba. This was done with the temperature of the drop at —0*5"^ C , 
and as long as the surface membrane of the amoeba was not broken the mtenor 
remained fluid althouf^ the amoeba was completely embedded m ice Several 
iMncriMS were kept m this condition with the temperature of the drop at —1 4®C 
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fm 21)0018 The pieparattoo waa theo thawed aad hBaojE^tosooutongfem'' 
tuie at 18” C, when the amaebs ngained tiieir paeoifcyodid oaovmneiite. 

Internal fteeamg was produced by msertiQg an ioe-tii^ed pipette mto the 
interior of the amoeba when the temperatoie of the dn^ was at —O'S” C oar 
bdow The ice which formed spread m all directionB from the tip of the pipette 
as fine, feathery crystals quite m contrast to the definitely directed loe-oolumna 
which develop in a musije fibre The spread was rapid and m several cases 
was observed to encircle and not immediately to penetrate the coutractife 
vacuole and the nucleus Freshly frozen amoelMB are opaque when viewed 
with tiausmitted light It was a striking picture to pnek one amoeba after 
tlio other with an ice-tipped pipette and to see the punctured amoebra flaidi out 
dense and black in contrast to the unpunctuxed amoebe in the fidd After 
several mmutes the opacity of the frozen amoebae dimuusbed, as the feathery ke 
ciystals merged mto transparent blocks which pushed the granules of the amosbee 
into spaces between them Figs 12, a, 6, c and d, Plate 16, are from photo¬ 
graphs taken successively to show this change A very shallow drop of water 
oontammg four amoebae and enclosed m liqmd paraffin at —0*8° G. was made 
to freeze into a thm sheet of ice by inoculating the water with an ice crystal 
One of the amoebae was punctured with an ice-tipped pipette The result is 
shown in fig. 12, a, in which the frozen amoeba can be distinguished ftma its 
unfrozen neighbours by its darkened appearance Several mmutes later» 
fig 12, 6, another amoeba on the right of the figure was likewise punotuied 
with the same result. The figure also shows the pievioasly frozen amoeba, z, 
m which the ice had changed into transparent blocks giving the amoeba a 
spongy appearance Ten mmutes later the preparation was thawed. The 
resulting disturbsnoe swept most of the material out of the field so that fig- 
12 , c, shows only one of the unfrozen amoebn still intact and the spread-ont, 
coagulated mesh of one of the amoebe which had been mtemally frozen The 
preparation was then carried to a warm room where the mtact amoeba teoovend, 
fig 12, d In the lower part of the figure the remuiis (d the frozen anunlia ozn 
still be seen 

C — Sptdemtt Cells o/ the Bulb 8oak» cf (he Red Omon. 

Stops of the single cell-layered eindomis were removed from the bafli 
setdes of the common red onion and inunersedm banging dn^ of liqiiidpaniflbi« 
A thm film of sap lay between the tissue and the surrounding oiL After a 
aojoam at 0” 0. the preparation was cuned to a toomi at —6” 0. whoAlhe 
tempetature of the hanging drop was pKohahfy —S” to —4” 0. After 6411 
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ninalies title etittp aiittasue me toached iritb en lee-ciyaiel 1%» nenlted m 
tlie lree«ng of the eap covexio^ the tume and Jyiog mtduB the deed eeOe, 
tehile'the cells with living ptotojdasts temeined nnfroMOi. 

In the zoom at —10° C. a peculiar phenomaaon faequenti^ ooconed Theare 
was first the usual surface freesing and the ooaise-xneahed freeang the 
contents of dead cells, while the ptesumablj hvmg oells with coloaied sap 
retained their normal appearance After a hnef interval fine ice<oi 7 Stai»' 
suddenly appeared in one purple cell and then m another m suooessive fladies 
un^ all the cells were mvolved On thawing, many of the ceDs retained their 
purple colour, mdicating that the vaouoloB were still mtaot On the other 
hand, a sojourn of 2 hours m the frozen condition resulted m a coarsening of the 
colourless ico-orystals, and the pigment appeared more ooncenteated and 
frequently m isolated areas within the cell It was not asoertamed whether 
the loe-crystals formed withm or outside the vacuoles The impression gmned 
was that both oocutted The separation of the vacuole mto smaller, densely 
pigmented vacuoles, suggests that the ice was formed outside the vacuole and 
had increased m size by the extraction of water from the vacuole It is well 
known Idiat plant-cell vacuoles or tonoplasts will divide mto several vacnoleB 
during jdasmolysis, and will reunite upon deplasmolysis, Eiister (1929). We 
have observed something similar on freezing When frozen to —10° C the 
cytoplasm and nucleus dismtegrated, butthotonoplast, which is more resistant 
than the protoplast, plasmolysed and often divided mto several vacuoles with 
mtaot membranes When thawed, the vacuoles often reunited with complete 
deplasmcdysis Subooolmg to a temperature of —10° 0. for hours did not 
induce plasmolysis. This occurred only when the tissue was made to 
freeze. 

When the freezing was relatively slow, the ice was observed to form between 
the cellulose wall and the tonoplast As the ice mcieased m amount, the wall 
the tonoplast was pushed mward and the pigment of its contents became 
piopesBively deepened m colour When the tissae was thawed the timo^ast 
frequently tegamed its former volume 
Figs 18, a, 6, Plate 17, shows the cut end of a stnp of (mum epulemus m 
Hqoid paraffin. In fig 18, a, the rounded end of a tonoi^ast can be seen i«o- 
tmdiag from a out-open cell along the edge of the strip The preparation 
had bean ficozsn at a room temperature of —10° C and the loe can be seen as 
whitirii areas arooni^ the dark coloured vacuoles. The oeQ mth the protruding 
'vauuds ocmtaiiaa ioabordenag the inner «ad of the vaonole which appears to 
|haivoheeapariaa%paHliedoutof theoeUby theioefornuHliMm. Infig. 18,A» 

I 
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18 shown the protrudmg outer end of the same vacuole being pulled with the 
tip of a nucioneedle in the liquid paraffin 

Fig 14, a, Plate 17, represents a surface view of oiuon epidermis before 
freezing The majority of the cells contain mtact vacuoles with purple sap 
Fig 14, 6, represents the same region after freezing in a room at —10^ C 
The partially shrunken vacuoles are darker, presumably because of the more 
concentrated sap, and the hghtor zones about them represent the ice The 
coll marked x in those two figures and the group of m^ven cells surrounding it 
are shown enlarged m fig 14, c Note the extent to which the vacuole has 
been shrunken and deformed by the ice surrounding it The surrounding 
eelb have not been plasmolysed to the same extent They appear m better 
focus m fig 14, h 

Fig 14, d, represents the region shown in hg 14, b and a, after the preparation 
had been thawed Cell x has not recovered to the extent of the seven surround¬ 
ing cells By comparing other cells in the three figures one may note the 
extent to which freezmg may occur with subsequent recovery For example, 
the cell y underwent considerable freezmg with apparently complete recovery 

On thawmg, the ice melted to form droplets of water between the cellulose 
wall and the shrunken protoplast Withm 2 mmutes this water had dis¬ 
appeared and the protoplasts regamed their original volumes In places the 
vacuole was broken and the cytoplasm appeared as coagulated, shrivelled 
shreds together with the coagulated nucleus m a faded cell In other places 
the vacuole or tonoplast remamed intact with the shrunken and dead protoplast 
pressed against the cellulose wall It is significant that the coloured vacuoles, 
when shrunken m the frozen condition, were much darker, % e, more con¬ 
centrated with pigment, than in the expanded condition before freezing and 
after thawing 

D%aou89um 

Three broad conclusions emerge from these observations — 

(1) That the plasma membrane of the living cell acts as a barrier against 
mtemal freezing, 

(2) That internal freezmg, the freezmg of the protoplasm itself, kdls, and 
the cell plasmolyses on thawmg On the other hand, 

(3) Living protoplasm can be subcooled to an extraordinary extent without 

being killed, isolated muscle fibres were m fact subcooled to —16^ 

Jensen and Fischer (1910) and Wcigmann (1929) state that the irtitiinnim 
survival temperature for frog muscle is m the neighbourhood of —1*4^. 
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Motan (1930)i however, in a detailed study found that when the musole was 
frosen below —2® it was ureveisibly injured Smoe we were never able to 
induce mtenud freezing even by inserting ice into the interior of a fibre, unless 
the external temperature was 6® C* or below, it la possible that Moran's 
critical tempeiaure is the temperature at which mtemal freezing can take 
place 

It IS, however, important to note that the morphological picture of a muscle 
fibre IB not necessarily disorganised by inducing internal freezing with an loe- 
tipped pipette so long as the fn^czmg has not proceeded too far or lasted too 
long We have frequently caused thawing to take place by warmmg a fibre 
while the ice-columns were still advancing withm the fibre and noticed the 
temperatun^ of meltmg of the columns and the resorption of the water leaving 
the fibre normal m appearance with uniform transverse stnee and no sign of 
lougitudmal splitting On the other hand, a fibre which has been completely 
frozen mtenially and left m that condition for some time, will, on thawing, 
shorten and thicken irreversibly, and give the appearance of cytoljrsed muscle 
with promment bundles of longitudmal fibrilhe We have never observed that 
cold or freezing ever produces contractions which can m any sense be con¬ 
sidered a physiological phenomenon as has been claimed recently by Hfirtble 
(1931), who speaks of a “ Qefnorungsreiz ” A fibre which has boon subcooled 
to a temperature of --10® C or below and then is suddenly brought mto a warm 
room will sometimes undergo considerable shortening, but such a contraction 
is always an irreversible one An mtemally frozen fibre on thawmg always 
contracts and undergoes oytolysis with loss of water 

So long as the plasma membrane remains mtact the mterior of a cell can be 
Bubcooled below the temperature of its freezmg pomt The critical temperature 
of tissues therefore appears to be the one at which the barrier breaks down so 
as to permit the external icc to inoculate the interior 

In observations on ice formation in subcooled liquids one is struck by the 
absence of any puahmg tendency on the part of the advancing ice-crystals 
The advance must occur by the congealing of the water that is present in 
advance of the crystal Hence, it is reasonable to suppose that the steady 
and uniform advance of the longitudmal ice-oolumus during the mteroal 
freezmg of a muscle fibre is along umnterrupted fluid mteistices between more 
Bobd constituents. It follows, therefore, that the evidence presented m this 
paper argues against the existence of transverse membranes, stietobing across 
the fibre m stnated muscle and is m favour of the existence of longitudmal 
myofibnllat structures 


2 c 2 
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In the amoeba the Hpieadmg at random of fine, feathery cryatale mdioates 
the lack of a defimte structure Future investigation will show to what extent 
this micro-method of mducing internal freezing will throw light on structural 
elements within a greater variety of cells 

Since all our operations dealt with volumes of capillary dimensions the 
well-known effect of < apillarity in depressing the temperature of the freezing 
pomt must be reckoned with 

Mttller-Thurgau (188(M886) found that the freezmg-pomt of a gross quantity 
of expressed sap is higher than that of the sup when enclosed in the vacuoles 
of the plant cells He compares this phenomenon with the fact that the freezmg- 
pomt of water is depressed by 0 2 to 0 3 of a degree when it is held m the 
interstices of filter paper 

In like manner the difforeni^ which we found between the temperature of 
the cell mtenor and that of its external medium. a1read> itself of capillary 
dimensions, may be explamed m part by assuming the evisteni e of still finer 
capillary spaces withm the cell This must be true for the muscle fibre in 
which mtemal freezing takes the form of parallel bundles of slender ice- 
cohimns through the length of the fibre Such structural conditions m the 
mtact fibre may ac^^ount for the fact that the freezing-point observed by us 
was fully one degree lower than the freezmg-pomt generally agreed upon for 
the expressed ]uice of frog muscle, namely, —0 43® C . Hill and Kupalov 
(1930) 

In a sttlMyOoled amoeba there is no oomplete cessation of streaming The 
granules m the cytoplasm slowly shift their position and therc^ is a gradual 
{*hange in contour This slow activity is accompanied b> a suggestion that 
heat IS being evolved by the subcooled cell (at a temperature ot —0 3® C), 
ice formation m t,he external medium is definitely slower when the advancing 
edge conics close to the cell 

In the epidermal cells of the onion the presence of a large central vacuole 
with watery contents offers a good illustration of the dehydrating property 
of the freezing process by plasmolytic action In order that freezing of the 
vacuolar fluid may occur the external ice must pass through two barneis, the 
plasma-membrane surroundmg the protoplasts and the inner membrane or 
tonoplast which surroimds the vacuole Even when the protoplast is destroyed 
the vacaiolor membrane or tonoplast may still remain mtact and prevent 
freezing of the vacuolar contents The ngtd cellulose walls offer au mterostmg 
contrast to the plastic protoplast m the penetration of the freezing process 
The C/cllulose wall itself acts only as a temporary obstacle while the protoplast 
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sihnnkB down on the dinunishmg vacuole, and no internal freezing takes place 
until the protoplast is destroyed 

In conclusion, the factors which prevent the freezing of the interior of a 
bving cell may be summarised as follows (1) the retardation effects of capil¬ 
larity due to the microscopic dimensions of the cells , (2) dehydration which 
mcreases the total and balanced salt comx>ntration of the interior, (3) the 
evolution of heat through metabolic activity , and (4) last but not least, the 
existence of a plasma-membram* whitJi effectively prevents the transmission 
of the freezing process to the subeooled in tenor even when uo is m contact 
with its external surfac e 

A critical temperature exists below which these factors are overcome, tire 
plasma-membrane then breaks down, the integrity of the protoplasm is thereby 
lost and death ensues When the subeooled interior of a < cU has been arti- 
ficjully frozen by the introduction of an ice-tipjicd micropipette the plasma- 
membrane may be still mtact, but apparently this < ondition does not last 
long 


Rammartf 

X MuscU of Frog —(1) Cold alone does not kill, even subcsooling to 
-15° C 

(2) Ice formed on th(' outside of fibres at about *-l 2° C and inside fibres 
at —1 6° C On thawing, the internal ice melted first, but a fibre could be 
subeooled to —10° C without internal freezmg, unless the sarcoplasm was 
brought into direct contact with ice by bn^akmg through the sarcolemma 
which therefore acts as a barrier 

(3) Ice formed inside the fibre was always m longitudinal columns, which 
grew steadily from the pomt seeded There was no mdication of transverse 
membranes 

B Amosba —(1) Amoebe can be subeooled, without death taking place, to 
at least —5° C, even when the external water is frozen Internal freezing 
occurred only at —0 6° C and below, sometimes spontaneously, and always 
when ice was brought into direct contact with the interior 

(2) The barrier against internal freezmg is the cell membrane Most, if not 
all, of the mtetnal water can be frozen 

(3) Internal freezing killed the animals The cell contents, on thawing, 
formed a coarse mesh 

C Epidermal Cells of the 0mm Btdb Scale —(1) Strips of tissue were frozen 
between —7° and —10° G Ice appeared readily between the cellulose wall 
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and tbe protoplast with plasmoljrsis of the latter, which, however, was zeversed 
upon thawing 

(2) The ice sometimes broke the outer membrane of the protoplast but the 
vacuole or tonoplast sometimes itmiamB intact, m which case the tonoplast 
deplasmolyscs on thawing 

(3) Ice was not defimtely seen to form within the vacuole but the general 
impression was obtained that it did so form m some cases 


Appendix 

The Freezing of Cytclyeed Muede Fibres 

The experiments in the miim body of this paper were all made on bvmg 
material, and the muscle fibres used reacted to stimulation after exposure to 
the various low temperatures and withm the time limits of the experiments 

The foUowmg expenments on muscle fibres were done m order to detormme 
whether dead muscle fibres differ from the living m the way m which freezing 
takes place 

Pieces of fresh muscle from the sartonus of the frog were placed for se\ oral 
hours in distilled water Microscopic examination showed the fibres as a 
bundle of promment fibnllas enclosed by a sarcolemma-like membrane These 
fibres were isolated m liquid paraffin, freed of surplus aqueous flmd, and mounted 
in the usual way for manipulation 

A hanging drop of oil, containing several cytolysed fibres, was brought to a 
temperature of —2 4® C Their surfaces were then touched with an ice- 
tipped xnicropipette Freezmg spread rapidly over the surface When the 
cut ends wore reached internal ice columns formed and proceeded at a much 
slower rate through the mtonor 

When the temperature of the hanging drop was at —5'^ C seeding a fibre 
produced a very rapid surface freezing together with the formation of mtemal 
ice columns. The rate was too rapid to observe how the mtemal freezmg 
occurred 

We may conclude, therefore, that the saicolemma of a cytolysed muscle 
fibre may serve os an obstacle to mtemal freezmg but probably not as efficiently 
as that of a livmg cell 
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EXPLANATION OF PLATES 

PtATK 14 — ^iHulaied muHole ilbr«B horn sartoniu of frog in liqmd parafiin 

Fio 1 (a) —^Fibre at ^ 1 3® C, un£roa»n, (b) Superficially froEon after being touched 
with loe 

>'io 2—(o) Kibro superficially froaon at —1*2® C and loft ovenught at —3 U® C 
(6) Bulge produced on naked portion of fibre by compressing with inioroneedle 
(c) Bulge gradually disappoanng after removal of needle. 

Fig 3 —^Fibre at - 1 4® C (o) Suptsrfioially frozen, (fe) After hours m frozen eon 
dition loe has collected in larger flakes (c) Contraction of fibre after partial thawing 
Note tip of fibre at x 

Fig 4 —^Fibro at —1 8" C (o) Unfrozen Fibre was punctured witli no effect (6) 
Both externally and internally frozen alter mooulation with ice (c) Irreversible 
shortening upon thawing with exudation of aqueous liquid. 


Plats li> —^Muscle fllires with internal loe-oolumns. 

Fio 5 —Fibre internally frozen lu room at —5® Lower portion of fibre focussed to 
show numerous internal ice-columns with tapenng tips Upper portion of fibre 
not yet internally frozen and foeussod to show external ice flakes 

Fio 6 —^Fibre intomally frozen m room at 0® C for third time and showing tips of few 
large ice-columns 

Fig 7 —^Fibres internally frozen in room at —6® C 

Kia 8 —Twisted fibre with internal loe-colnmns conformed to twist 

Fio 9 —(tt) Internally frozen fibre m room at —6® C Upper portion showing downwardly 
directed ice columns x, due to moculation from upper cut end after spread of sui-faue 
freozuig had reaohoil it (6) Detail at high power to show the downwardly directed 
loo-oolumns at x 

Fig 10 —Muscle fibre internally frozen m room at -3® C 

Plate Ifi —Fresh-water amcebn m thm film of water surrounded by hquid paraffin 

Flo 11 —{o) Amceba in suboooled water at —1 0® C (6) Bame amoeba with bttle change 
in contour after the water surrounding it was frozen 

Fig 12 —(a) Four amoebce embedded m a thm sheet of ice in oil at - 0 8® 0 Amoeba 
at left m photograph has just been frozen internally by punctunng with loe-tipped 
pipette, hence its darkened appearance (6) Same field A minutes later taken just 
after amoeba at right has been similarly frozen Note, at left of photograph, that 
amoeba x, frozen 6 minutes before, is now sponge like in appearance, duo to gradual 
fusing of its ICO mto translucent blocks (o) One of unfnxEon, intact amoeboe and 
coagulated remains of frozen amoeba m thawed water at —0 8® C (d) Ditto, brought 
into warm room where unfrozen amoeba has recovered, Remama of frozen amoeba 
in lower part of photograph 

Plate 17 —Epidermal stnpe of Red Onion in liquid parafOn 

Fm. 13 —Tissue frozen in room at —10® C Note ice (dear zones) between oeliulose wall 
and dark (red sap) vacuoles of cells (a) Out edge of strip with tonoplast protrndmg 
(b) Protruding part of tonoplast deformed with mioronoedle 
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14 —(a) Surface vi€ w of epidermw subcooled in room at 10® C Note cell x aur- 
rounded by a group of seven cellft (6) Ditto, after freezing (c) Detail of former, 
with < ell m centre, under higher xnagmfioation to show plasmolysed vacuoles sur- 
roundel by ice {d) Same region after complete thawing Some oellM are fully 
deplasmolysed Others wore too much injured bv the freezing and underwent only 
partial dcplaHmulysiH, t g cell sr 
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The Combination Carves, Hydrogen Ion Regulating Poicer and 
Equivalents of Ovalbumin 

By E B K Prideaux and D £ Viooixi 
(Comnninicated by F S Kjppmg, F R 8 - lleceived January 14, 1932 ) 

The general nature of the combination curve of albumiu with acids and 
alkalies has been stated by Loob, and is based on titrations of Hitchcock and 
Cohn (1925) also Bugarszky and Liebermann (1898) 

Some prelnninarj results obtained by one of us showed a marked difference 
m the 0 1 per cent solutions on the alkaline side, and difficulty in repro¬ 
ducing the results with 1 0 per cent solutions Many more experimental 
pomts were required m order to confirm or dispute the differences between 
albumm and gelatin, winch appear to follow from Loeb’s smoothed curves, 
for 1 per cent solutions , Hams (1925) dealt with some of these differences. 

Some points on the acid side of the isoelectric point, pi, were obtamed by 
iSorensen, (Miss) Hoyrup, Heinpel and Palitzsch (1917), and from these, by a 
refined use of tlie equations for homogeneous equilibria, curves were con- 
htructed which mti^rsei^t at nearly the same point, namely, that at which there 
ift no excess eitlier of NH 3 or HjSO^ in solution By this means Sorensen and 
Jns co-workers obtained th( following constants — 

(1) The isoelectric point, at (H"*") = 1 57 X 10“® pi 4 8 

(2) The point at which all albumm is ‘ fn^e ” 

[H"*"] ^ 1 3 X 10^ natural pn = 49 

Following a common practice, wc have reckoned additions of acids and alkah 
from a zero at pij - 4 7 to 4 8 

ExpenmcfUal 

The metre bridge potentiometer, liydnigen electrodes and calomel half- 
cells were cahbrated and testcHl m the usual manner, and also by titrating 
against gelatm The results were m agreement with those previously obtamed, 
Prideaux (1981) The ovalbumm was prepared by the methods of Hopkins 
and Pmkus (1898) as modified by Sorensen and co-workers (1917) The 
crystallme product was purified by dialysis for one or more weeks until the 
anunomum sulphate was reduced to a low concentration Loeb*s preparation 
ccmtained 0*001 to 0 002 equivalents of ammonium sulphate, while our 
1 per cent solutions contained 0*0001 to 0*0025 equivalents of ammonia per 
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I itrc* This was determined by a modification of van Slyke’s aspiiation method 
(NHj ID unne). Air was aspirated through a mutmo of 6 ml. of the albumin, 
3 drops of caprylic alcohol, and 20 ml of 10 per cent KsGOs solutum, then 
through 20 ml of standard, 0 06N , H 1 SO 4 The ammonia was estimated 
by titrating the sulphuric acid with alkab and also by the Nessler method 
Some stock solutions were dialysed first against distilled water, then against 
N/lOO or N/160 acetic acid for periods of 2 to 4 weeks, the ammonia thus being 
reduced to 1 X 10“* g per litre, or to less than 6 X 10“* equivalents per litre 
The albumm content of the stock solutions were detemuned by — 

( 1 ) Evaporation to constant weight at 95 °- 100 " 

(2) A special Kjeldahl method (Sorensen and others, 1917, loc at) 

(3) The refractivity 

The factor 6*4 was used to convert Kjeldahl mtrogcu mto drj* albumm For 
example, a stock solution contamed 1*83, 1 84, 1 86 per cent protein by 
evaporation and 1 835 per cent by Kjeldahl The results of the titrations 
are given in Tables I to IV A few results of Loeb which have been comn ted 
for alkali blank are mcluded in Table n 
The results of all titrations are expressed in a uniform manner as cubic 
centimetres of 0*1 N acid or alkali added to 1 g of albumin whethw this is 
jnesent m 1*0 or 0 1 pec lent solution The acid and alkali additions m 
solutions of low or high pa are corrected m the usual manner, by the potentio* 
metrically determined acid and alkali blanks according to Atkm and Douglas 
(1924). 

The curves, fig 1 , resemble those of gelatm m the greater steadmess of the 
ac id titrations as compared with the alkaline ones The differences between 
the two curvc‘H will be discussed m detail 

Aad TtlnU%onB 

The results of all series appear to be m satisfactory agreement up to and 
sbghtly beyond pa 9, Table I Any given addition of acid defines the 
Pa withm about ±0 2 A slight downward turn which appeared below pa 9 *0 
18 chiefly apparent m the " denatured ” values, and was not found m pure 
albumin. The lowest pa of 2*3 (off the curve) corresponds to the large acid 
addition of 16*4 c c (24 0 c c uncorrected), D, Table I Since there is no 
inflection it is impossible to define an amd saturation capacity for albumm. 
The basic groups are progressively opened up as pa diminishes This diange 
u largely reversible since it is possible to return along the amd titration curve. 
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ViQ ] —Combination of 1 0 and 0 1 per cent Alhninin virtth Aoid and Alkali 
Q 0 Loob, 1 per cent in and and alkaline aoluiiun 
X X Authors, 1 per cent solutions A, 13, C, D 
^ A Authors, 0 1 per cent solutions 

-|- Hendns and Wilson, with quinhvdrone electrode, natural albumin 
dll cb Hendnx and Wilson, heat ooa)[;ulated ovalbumin 

B B Authors, 1 0 per rent solutions, alcohol denatured, and also oommercia) 
dried albumin 


Tables I and II —Stock Solutions dialped A, against distilled water for 1 
week N/lOO acetic acid for 4 weeks, and jSnally against distilled water 
for 1 week, C, against distilled water for 18 days, D, against distiUed 
water for 6 days, against N/150 noetic acid for 2 weeks, and finally against 
distilled water for 3 days 


Residual ammonia A, U OUOl g eqmvalents per litre, B, 0 002 g 
equivalents per litre , C, 0 0003 g equivalents per litre, D, 0 00016 g 
eqmvaleuts per litre 
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The combinatioxL curve m 0 1 per oeut solutiou is slightly more vanaUe, 
and lies above that of the 1 0 per cent solution showing the normal effect 
of mcreased hydrol 3 rHis 

It has been remarked by Hams (1925) that the albumm curve is slightly 
steeper between pn 4 6 and 3 6, the gehitm m this region combining with 
about twice as much ucid as the albumm* Our curves confirm this m a 
qualitative nuinuer, but we find that gelatm combined with 3 9 c c of acid 
and albumin with 3 0 c e This much smaller difference does not permit 
one to discriminate' bc'tween the two protems m the manner suggested by 
Hams, but another possible method of discnmmation alluded to by him seems 
more promismg, namely, the absence of inflection m the albumin curve at 
Ph^ 6 To bring a 1 per cent solution of gelatm to this pomt requires 8 0 c c 
of acid, while n 1 per cent solution of albumm requires 10 c c (corrected for 
blank) Incidentally we have here a method for distmguishmg between fresh 
and denatured albumin (see figure) 

Alkaline TUratwm —Considerable differences m pn corresponding to the 
same amounts of alkali added begin to appear at about p^6 0 and are more 
conspicuously displayed on the curve at about 8 0 after the inflection has 
been passed In some senes the rate of mcrease falls right off here, and may be, 
for example, only 0 5 units between 5 and 13 c o ol alkali combined, A and 
B* Table II We have not been able to connect this behaviour with the mode 
or length of dialysis of the solution, and it would appear to depend upon the 
formation of metaprotem quite early m the titration, while the alkalmity is 
still low, and may possibly be connected with the age of the eggs originally 
list'd It is known that the natural of eggs undergoes rapid change on 
keeping, and it is more difficult to obtain crystallme albumm if the eggs are 
not absolutely now laid 

It 18 possible that such ovalbumm is more readily denatured Attention has 
been c^alied to the greater buffermg power and lower pn values of denatured 
albumm by Wu and Chen (1929) 

If the normal curve of the crystalline protem is that of Ijoeb, then the highest 
Pn values may bt* taken as evidence of punty With solution D we 
obtained some pomts which lay even higher 

In none of these curves, high or low, is there any sign of an inflection. 
Albumin, therefore, differs from gelatin m showing no sign of saturation with 

* Over the greater port of the oombmation curves the pontions of gelatm and aUnmiin 
are reversed as is shown later 
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aOcab, and consequently no acid equivalent of albumin can be obtained by the 
ocdmary method 


Table III —Stock solutions as m Table 1 Stock solutions A, 0, and D 
dialysed against acetic acid , B, against distilled water 25° C 


iioeb (with | 

blank correotioi]) 

A 



1 0 

1 

0 a 

0 c 


0 0 

1 1 

1 c 


0 IM 

0 IN 


0 IN 

' 0 IN 


alkali p.. 

alkali 

Ph 

alkali 

1 alkaU 

Ph 

to 

to 


to 

1 to 
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Ig 

' i« 
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! 1 

SO' 05' 

0 8 

5 0 

1 

1 4 2 
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9 0 7 0 

8 6 

6 75 10 S j 

1 8 1 

1 ^ 1 

! 6 15 

9 65 , 0 0 
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10 07 ! 11 0 
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10 3 n 3 ' 
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1 7 25 1 
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10 25 1 13 0 
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4 0 j 

i 7 8 

1 7 13 

10 4 
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1 7 83 

10 6 

0 10) 


« 0 1 

1 8 85 

1 8 62 
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' 0 06 

0 28 
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9 6 

1 0 16 

10 0 1 
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9 25 




1 

15 0 

0 35 

i 

1 



18 0 

9 55 






*(9 45+ 

! 





0 10) 






i c 

0 IN 
alkali 

jni 

1 

C 0 

0 IN ; 
alkali 

1 1 
1 

p,, 

0 c 

0 IN 
alkali 


(J c 

0 IN 
alkali 

Ph 

to 

IR 

1 to 

IR 

1 

to 

1 g 


to 

IR 


2 0 

0 0 1 

1 0 
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6 0 

3 0 
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2 0 

6 0 

6 0 1 
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4 0 
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4 0 
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7 0 
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\No^ added Fdbtua/ry 12 — Ai\ mfleotion on the acid side of the curve was 
reported by Booth (1930) These results, however, are not comparable with 
ours for several reasons The solutions contained a much higher concentration, 
namely 0 03 equivalents per litre, of ammomum sulphate, which obviously 
aflected the blank corrections, and probably also the course of the curve 
Further, the acid titrations were done with the qumhydrone which m physio¬ 
logical protem solutions has proved unoertam m its action owmg to its oxida¬ 
tion potential The alkolme titrations were done with tlic glass electrode, 
and m the presence of formaldehyde Both senes start from about pe 7 0 
instead of the isoelectnc pomt, p 0 4 7 ] 

It can be shown by the equivalent weights of the fission products that a 
great reserve of carboxyl and other acidic groups exists both in gelatm and m 
albumin In gelatm, however, a defimle proportion of these has been set 
free for combination with alkali, but this action nearly ceases after 8 c c of 
alkali have been added Albumin, on the other hand, espoi lally if m the form 
of motaprotem, continues to combme with alkali up to at least 12 c c (cor¬ 
rected for alkali uncombined) 

The curve of combination with 0 1 per cent albumin resembles the lower 
< urves of 1 0 per cent solutions 

Tab le IV —Stock Solutions A and D dialys e d as above _ 

0 1 per cent Holutiona Alkali titrations 25° C 






t c 

. ___ 

.0 I 


0 IN 

/'h 

0 IN 


alkali to 1 g 

alkali to 1 g 


1 0 

5 4 

2 0 

5 6 

2 0 

e 0 

3 0 

6 4 

3 0 

0 75 

4 0 

7 4 

4 0 

7 4 

5 0 

7 0 

5 0 

7 0 

6 67 

8 4 

7 (1 

8 0 

7 0 

8 45 

10 0 

8 15 

8 0 

8 65 

12 0 

8 2 

0 0 

8 75 

20 0 

8 5 

10 67 

9 0 

30 0 

8 8 

12 0 

9 05 



13 33 

9 3 

1 


14 0 

9 35 

1 

i ' 

16 0 

9 05 


Denoturateon —The alteration m the nature of albumin by treatment with 
acids or alkalies is widely regarded as due to hydrolysis (Lepeaohkm, 19S8). 
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The change in the combination curves due to various forms of denaturation was 
mvestigated by Hendrix and Wilson (1928) up to 7 9 by means of the 
quinhydrone electrode Those for metaprotem were stated to be parallel to 
those for fresh albumm, as we have found Denatuxation by heat coagulation 
may bo of quite a different typo, owmg to a dehydration of the whole molecide, 
T B Robertson (1924) The effo< t of heat was investigated by Hendrix and 
Wilson {loe oU ), the albumm being coagulated by heating it for 30 minut<es 
m an autoclave, and afterwards drying it at 60^ The results fig I, show 
that there was nearly complete loss of buffermg |>ower above 6, but a return 
to normal values after nearly 3 c c of alkali had been added 
A sample was denatured by precipitation with alcohol and titrated with 
alkab Tlie results are given m Table V and plotted in fig 1 The pomts as 
seen on the curve are mtermediate between the lowest and the highest but 
between pn ^ ^ rather high, somewhat resembling those of the boat 

coagulated sample* The whole curve resembles most closely that for good 
commercial dried albumm 


Table V —Comparison of albumm denatured by alcohol A witli good dried 
commercial sample B Additions of 0 IN acid or alkali to 1 g of albumm 
in 1 per cent solution 


Alcohol denatured 1 por cent solutions Dncd albumm (commercial sample) 26^ C 


Alkali 


Acid 


Alkah 


I 


c c 


c t 


< c 

0 IN 

Ph 

0 IN 

Ph 

0 IN 

alkab 

alkali 

aoid 

1 40 

7 6 

1 36 

6 4 

0 06 

2 60 

8 85 

1 96 

7 16 

1 5J 

4 60 

9 0 

3 06 

H 5 

2 60 

5 60 

9 2 

4 60 

e 06 

3 43 

6 60 

0 4 

6 1 

9 4 

6 J4 

7 60 

9 66 I 

1 7 73 

9 7 

1 6 74 

8 60 

9 9 

0 2 

10 0 

7 60 

U 4 

10 16 1 

1_! 


8 0 

10 4 

10 26 




12 I 

10 6 1 




13 9 

10 76 1 




16 64 

10 0 

i 





1 


i 

I 

I 

I 


Ph 


t c 
0 IN 
alkali 


Ph 


i 

5 

0 

83 

8 

46 

4 

2 

1 

66 

1 8 

1 

3 

9 

i ^ 

42 

7 

6 

3 

75 

' 3 

17 

8 

2 

3 

35 

3 

02 ! 

1 8 

6 

3 

06 

1 4 

68 

8 

8 

2 

7 

6 

19 

0 

2 

2 

4 1 

7 

70 

’ 9 

6 



0 

2 

9 

9 



10 

^ 1 

10 

3 



11 

8 

10 

6 


Buffering Power and Equivalent WeiglU 

A gieatei length of the straight part or braach of the curve corresponds to 
■a greater number of reacting groups per 1 gr of substance, and to a smalier 



860 E. B R. Pndeaux and D. E Woods. 

i^quivalent weight The equivalent weight of gelatin as base is less than that 
as acid, the ratio being about 0 9, Pndeaux (1924), loc cU From mapec^tum 
of the curve it would seem that a similar relation holds for albumin, although 
the failure of inflections makes it impossible to dot(*rmine titration equivalents 
The buffer capacity, however, as already shown, gives information regardmg 
the equivalent weights dnc‘ to those groups which determine m any chosen 
part of the curve, preferably the middle of a straight branch 
In the case of gelatin, the buffermg power B is uniform from pg^3 0 to 6 0 , 
AV/AjE>H =-3 9, AC/Ap„ == B =- 3-9 X lO”*, equivalent --- 0 576/B = 1470 
The correspondmg value for albumin, B = 3,6 X 10"*, is not constant over 
the range but is n'proscnted by the chord of an arc, smee the values of B are 
already begmnmg to vary from pu 4 0 as is shown by the senes — 

Ph rang« = 26-44 30-50 3 0-4 0 40-47 4 7-6 0 60-8 0 
10*B -=61 35 47 26 17 0*76 

The eqiuvalent should be defined by B on a straight part of the curve which in 
this cAse does not mclude pi but lies between 2 6 and 4 4 Adoptmg a common 
convention by which all constants arc expressed as acid constants, albumm 
chloride’* behaves here* as an acid having pkj^ = 35 and an equivalent, calcu¬ 
lated as above, equal to 1130 If regarded as a base, albumin would have the 
same equivalent and pin = 10 7 The builermg power then rapidly diminishes, 
reachmg a mmimum of about 0 75 (= 10*B) in the middle of the inflection 
Among all the dissociating groups of albumin (and also gelutm) there are few 
or none having pK^ or pK^ m tlie neighbourhood of 7 
In th(* alkalim^ there is a rectilmear branch from about p^ 10 3 to 

11 3 or 11 0 to 11 6 , the rorrcflp<jndnig values of 10*B are 4 0 or 4 3 and the 
mean equivakmt as acid is 1390 The value of 10*B for g«4atin at pg 10 to 11 
18 about 2 0 and the correspondmg equivalent weight is 2880 or about twice 
that of albumin 

The ratios of the basic to the acidic equivalent weights of gelatin, calculated in 
this way, are much lower than those obtamed by other methods, and, as already 
stated, only represent the behavioui m the buflered parts of the curves 

For gdattn — 

Equivalent as base about Pa 4 5 _ 1470 
Elquivalent as acid about pn 10 5 2880 


* The apparent aoid constant has this meaning also in the former paper (1931, p 335). 
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For albumin — 

Blquivalept as base about i b ^ 1130 ^ q. 8 j 2 
Equivalent as acid about pm 10*8 1890 

(or 11*3) 

Albusoom baa the better buffering power m both branoheB and the baaio and 
acidic values are not so unequal as those of gelatin. The bnfienng power of 
aged» alkali treated, or 0*1 per cent, albumin is even greater. It is estimated 
that m the alkali range 10*B is 6*7 and the apparent equivalent is nearly 1000 
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Uteroverdm, the Green Foment of ihe Dog's Placenta. 

Bj B. Lbmbkbo and J BiBOBoaT, F B S 
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(£Vom tbo Bioohemical and Fhyaialogteal Laboratonea, Oambndge.) 

[PnaTB 18 ] 

In investigations made by one of us (in ooUaboiation with P. BothsohM 
(1931)) on the blood content of the canine uterus, diffionlttea arose m the 
hsemoglobm determinations owing to the presence of a green pigment m that 
organ The other author (Lemberg, 1931) had at the tune just mvestigated 
the green pigment contamed in the egg-shells of many buds and had isolated 
its methyl-ester m ciystallme form, he at once realised that the pigment 
mentioned above was of the same nature and furnished a profitable field for 
mvestigation We must here thank Professor Keihn for his valuable help m 
the preliminary stages of the research. 

There is considerable hterature on the subject m papers of ICsdiome and 
Anatomy, but so far as modem phyuologioal and bioohemical pnblioati<»s 
are concerned, it has been forgotten, there being no recent chemical woric on 
the subject 

The pigment was discovered by Breschet (1830) This work also contains 
a chemical mvestigation by Barruel, who extracted the pigment from the 
pUoenta with alcohol and found a close resemblance to '* bihverdm ** from ox 
bile Smce then only mvestigations of mmor ohenuoal importance have 
been made Meckel (1662) believed it to be derived from o^-haBmo^lnn 
by the action of oxygen and gave it the name hamatoohlorm Mechel, <m 
the alleged authority of Barruel, alluded to the “ ether solubility ” of the pig¬ 
ment, but we have been unable to discover any mention of this important 
property m BaxrueTs work 

0. Basse (1863) found a similar pigment m the epithebum surrounding the 
ybUcHMO of the shrew and reported its extraotibihty with ether 

Bischoff (1846) found, besides the green pigment, water-soluble crystals 
m the green mass fiUmg the borders of the nmary placenta and is misquoted 
by Pieyer (1871), who stated that Buchoff found the green pigment itself as 
crystals. 

Pteyar was the first to examine the spectrum which shows no bands, but 
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abaoiptionof Ughtinthexed. He denied ita identity with bihverdinaaaoooimt 
of its solubility in water and described haBmatoidin crystals as being 
associated with it 

« 

Etti (1871) extracted the pigment with aloohol-salphimc amd and first 
considered it to be bihveidin associated with “ bihptaam,*' but, yielding to the 
criticism of Maly, subsequently regarded it as bihvetdm only. Hie extracted 
with ether a substance sinular to “ hydrobihrubm,” which we can now infer 
to have been due to the contamination of his ether with peroxide which 
oxidises the uteroverdm Thudiohum (1886) assumed a near relationahip 
between the pigment of the dog’s placenta and the green pigment of the egg* 
shells of birds which he (1879) had found to be different from bihverdm both in 
its chemical character and its physiologioal formation. Hie did not, however, 
mvestigate the former 

Sinoe 1871 no chenuoal mvestigations have been carried out This is all the 
more strange because the pigment has attracted the attention of numerous 
embryologiats, Heinncius (1889), Liebnktthn* (1889), Strahl (1890), Duval 
(1893), Tafani (1886), Bonnet (1903) and others. Of particular interest are 
those of LieberkUhn and of Bonnet, as is pomted out by Schick (1921), who 
discusses the formation of bilirubm from the h»mo|^obm of matemal human 
blood as a cause of wtenu neonatorum 

These authors all agree that the pigment is derived from the htsmoglobm 
of matemal blood extravasated from hssmorrhages under the chonon These 
hemorrhages are most marked just outside the area in which the barrel-shaped 
ovum is firmly attached to the uterme wall, and m the area m which it is 
loosely attached Thus two green nngs are formed They begm to be formed 
about the twenty-first day of pregnancy and mcrease till each band is about 
1 cm m breadth, forming together about two-fifths of the whole placenta 
The green pigment is, however, not confined to the matemal tissue, but is 
found with other products of blood degeneration m the cells of the ectoderm 
festal vilh, but no author suggests that tiio pigment so found is formed from the 
festal hssmoglobm It is not clear whether the pigment is formed m tiie 
ectoderm cells or is only taken up by these phagocytic cells after its extracellular 
formation m the extravasate 

The hterature contains no evidence of an excracellnlar eusyme which con¬ 
verts hssmoglobm mto “ uteroverdm " (as we will call this pigmentt), nor u it 

* PosthiUBons paper puhUshsd by SttaU. 

tMowbefe ( 1628 ) found appanaUy eaayndo fonnation of a green pigment from 
KmwgiftMn Ja the IniaeB of the intestanal tnbe of (hOlha 
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proveD tliat the tianaioimation takes jdace within the bodies of the chorion 
oells^ Bbahl and Bcmnet expressing oppoute views on this subject We have 
been no more successful than others (Wagner, 1921) m attempts to prove the 
presence of an extra-cellular enzyme 

Naturally, the ultimate point of mterest is whether the iron set free from extra- 
vasated bssmoglobm is a provision for the nutrition of the foetus The only 
oontnbation wc can make la the statement that we isolated from each of three 
oases pigment equivalent to about 2*76 grams of hasmoglobm* We consider 
that the uterus coutamod uteroverdin corresponding to at least 3-4 grams of 
hmmogiobm The oombmed weight of the foetuses was 628 grams, contaming 
perhaps 40 grams of blood and 4-6 grams of hsemoglobm The uterine pigment 
c o rre s ponded then to little less luemoglobm than was contamed m the embryos 

Green pigments are found in such pronunence only m the dog’s uterus and 
m the egg-shells of birds, m less degree they occur m the uterus of other species 
(Marshall, 1922, RookbnghauBent 1883) The gteea pigment of the meconnim 
la perhape of the same natoie as uteroveidm and wiD be mvestq^ted In other 
cases hmmotoidm is mentioned 


Nomendatiure 

We have tenned the pigment "uteroveidm” Meckel’s name—hasmato* 
ohlonn—seemed unsuitable because the term " chlorm ” is now associated 
with a definite class of chlorophyll derivatives 

The olos(> relation of oocyon desenbed by Lemberg (1931) suggested the 
molusion of “ cyan ” as part of the nfune, but the colour m the placenta is 
definitely green 

Chemtoal Structure, etc 

The object of the chemical investigation was to show the relation between 
the green pigment and bilimbm The name " bdivcrdm ” has been much 
abused, difiorent pigments, occurring naturally or obtained by the most 
diverse methods, so long os they were soluble m alcohol and showed the Omelm 
test, have been alluded to as “ biliverdm ” The formula of the biliveidin 
obtamed by the oxidation of the sodium salt of bilimbm atmospheric oiqrgni 
IB usually given as C 3 ,Ha«N 40 ,, but this is not a single substance, as is estab- 
bshed by the investigatum of the products of its metbylation (Lemberg, 1981) 
The greater part of its methjd-^ster is msidoUe m ether No " bilivetdm ” 
has been obtamed m a crystalline state Oooysn, emnetimes referred to ah 
bihTexdm, has been shown to be quite diSsrait from tiie eubetanoe mentioned 
above It is characterised by its ether scdobiltty, its comparatively stiMig 
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bwncity, the alight aolubihty of ita hydrochlonde and the blue oolour of the 
ether solution UteroTerdin is a aecond example of this olaaa of aubstanoes 
As already stated m the paper on oocyan (Lemberg, 1931), the properties at 
uteroverdm are extremely similar to those of oocyan—a &ct which made 
isolation much easier, as we could predict the whole behaviour of the substance 

At first only the plaoentas of one uterus were at our disposal, isolation had 
to be as quantitative as possible On the other hand, the risk of alteration had 
to be avoided It was possible to do both simultaneously We obtamed from 
the uterus enough crystalline uterovenlin*mothyl*ester to make a complete 
analysiB m dupboate According to this analysis and some crystallogzaphic 
facts, oocyan and uteioveidiu are different The analysis of the uteroverdm- 
methyl-ester showed its composition to be C 35 H 3 ^ 4 ^ 40 «, the methoxyl 
determination giving two methoxyl groups According to this, the formula 
of uteroverdm is C 33 Ha 4 ^ 44 N 404 and a formula with only three pyrrol nuclei 
as assumed for oocyan does not come mto consideration for uteroverdm We 
are probably dealing with a dimethyl-ester of dehydrobilirubm or dehydro- 
mesolnlirubm 

Bilirubm being, according to H Fischer’s recent mvestsgations (1931); 



H 


M = CH., V^CA, S = C»54.00tH 

may be regarded provisionally as that of utocoverdin 
The values for 0, H and N, but not the methoxyl content of oooyan-ester, 
agree also with the formula that is to say, with that of a tn]ii0tb3d* 

eater of a substanoe which differs from uteroverdm only m p osnnsring (me m o re 
oaiboxyl group. Both uteroverdm and oot^an give an eaoeUast Qmdm 
test in ohhmffoniL sohitioiis with oonoentzated nitac acid. Beoenily Hans 
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Tuoher and Adler (1931) have stated that then qnoitbstic tnjj^iraaeB, though 
to ooo^an in some respects, do not show absoiptuni of lij^t in the ted 
nor give the Omelin test. As different isomendes of tn^mMoes are posaible, 
with different positions of the double IxnidB, these facts do not du^ptove the 
assumption of a tripynene system for oooyan The properties of uteroverdm 
and oocyan are, however, so similar that the assumption that the latter belangs 
to a elaaa with three, and the former to one with four pyrrol nadei is very 
improbable Both pigments show almost the same colour and absorptioii 
onrve m neutral and amd solutions, their solatims m ether showing the Uuest 
colour. Both are extracted from their ether solntionB by 0*1 normal HG 
and the hydrochlorides arc with difficulty soluble m water The methyl-ester 
of each oTystallues from methyl alcohol, and when the two methyl-esters 
are mixed they give no distmct depression of the meltmg pomt Further 
investigation of oocyan by one of us (R L) is m progress. 

The fact that uteroverdm corresponds to “ bihverdm ” m its absorption 
of light and m its behaviour to the Qmelm test is of chemical mterest It 
means that the two oxygen atoms, added m the oxidation which converts 
biUrubm mto bihverdm, are probably taken up by the unsaturated side chains 
of bilirubm Mesobihverdm should contam only six oi^gen atoms. The 
green substances which may be prepared from bilirubm and mesobdirubm 
will be mvestigated From this pomt of view the green pigment of bud’s 
bile IS mteresting It is perhaps a defimte product of the liver cell, not merely 
being formed by the oxidation of bilirubm by atmocphenc oxygen as in the 
case of the bihverdm of ox bile 

Preparatwn and Profertm 

The sonaty placenta of the dog, which is approaching full term, is easify 
dissected from the uterus and may be taken away but little contaminated wi^ 
maternal htsmoglobm. When the uterus is opened, and the foetus gently 
pulled, the natural cleavage is between the pigmented part and the rest of the 
uterus, a httle help with scissors btmgmg the pigmented pW«nta deonfy 
away attached by the cord to the foetus The cord is then cut We have 
observed the pigment in the placentas attached both to dead and living foetuses 

The placentas are placed m a dish with distilled water, the veins are i^iened 
by fine scissors and the blood is allowed to pass mto the water. The wwiileing 
solntion of blood, on standmg, deposits a httle green ingment from whidi ^ 
luBmog^bm solntion is poured off From the bled and washed plwcfutfSB the 
broad, mtensdiy green margms are now cut off. Sometimes the pigment is 
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pnaent only in the maigins, but on occasions laige poolnts ctf pigment ooour m 
the middle of the placentas, these ate ezeised and added to the In 

the fizst case a img of tissue, 1 moh brood, mnams, but m the outer layer 
small green grains are still to be found. This is therefore cut off and rradmd 
up separately The remaining zone of flesh is free from pigment and is thrown 
away The collected margins and pouches of pigment are now cut open, the 
green granular mass scraped out, and wadied out with water The washings 
ore filtered off from the membranes throuf^ mnslm, and the prooedure of 
scraping out and washmg repeated until the water no tonger bnngs out any 
appreciable amount of pigment (A) The remaining mass, however, still 
contains much pigment, and is therefore extracted, together with the mushn, 
with 10 per cent HCl m methyl alcohol (B) The outer layer cut off from the 
placenta is washed with water, the washmgs are filtered through muslm, the 
solution, which still contains hsemoglobin, is poured off from the pigment 
which settles down The pigment precipitates are extracted with BCl m 
methyl alcohol in the some way as the particles of membranes and tissue which 
remain on the muslm (C) The aqueous suspension, which contains the 
greater part of the pigment, is centrifuged. The green mass which is thrown 
down IB brought mto solution m about 10 per cent Hd m methyl alcohol by 
gnndmg m a mortar (D) After standing for 24 hours it is filtered and the 
extraction repeated after further gnndmg (E) In the mvestigatpon of the 
fizst placenta the extraction was at fizst earned out with methyl alcohol ahme 
instead of with HCl m methyl alcohol, m order to avoid a possiUe alteration, 
a considerable port of the pigment goes mto solution, and may be brought 
mto ether m the manner described below, showing the {oopertieB of un> 
estenfied uteroverdm The aqueous solution, fitom which the greater part of 
the pigment has been removed by centnfngmg, still contains oonsidetable 
amounts m very fine suspension, besides some luemo^obm and hmuiatm. It 
IS treated m the foUowmg way it is acidified with Hd up to a content of 
about 6 per cent, and then the hsamatm extracted with a mixture of eUier and 
glacial acetic acid. Uteroverdm remams m the Hd solution. The flocks of 
protem and hnnatm which come down m the boundary layer still cootam 
green pigment. They are colleoted sepuately, duistfived m methyl aloohol* 
(ethyl aloohol is avoided, as a partial esterification occurs) and agam brought 
mto a mixture of glacial aoetic acid, ether and dilute HCL This pro ces s u 
repeated until the flocks yield no more green pigment even m hot methyl 
alcohol. All the flocks which separate out, and the lesidnes Altered off in this 
course of the preparation, must be caz^uBy vodeed up m this way, as they 
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often mdude oonsidetable amounts of pigment BmulnaoB ue brokan by 
the addition of some methyl alcohol to the etheraal soliition. One obtains 
finally a bbie-gieen solution of uteioveidm m HOI and a htown aoliitiim of 
hnmatm m ether The latter is once more extracted with 1 per cent. SCI, 
and all the hydrochloric acid solutions are filtered without being allowed to 
stand for long The HCl solution is once more shaken out with a little ethn, 
then the acid is almost neutralised with sodium carbonate, and the pigment is 
brought mto ether by adding concentrated sodium acetate solntum and 
repeatedly shaking out with ether The last fraction is brought mto ether 
allowing the aqueous solution to stand with ether after saturation with 
sodium acetate The ethereal solution is then thoroughly washed with water, 
to which at first some sodium acetate is added 
The methyl alcoholic solutions preTiously obtained (B, C and £) must first 
be concentrated by vacuum distillation The bothing, which is produced 
by protem and cholesterol separating out, prevents further evaporation, but 
if it IS allowed to stand for a little time and filtered it can be further con¬ 
centrated to 100 c c The solution richest m pigment (D) is concentrated by 
itself to 100 0.0 , the muted methyl alcoholic solutions are neutralised witii 
sodium carbonate till they give a weak reaction with Congo red and then added 
to a mixture of ether and dilute sodium acetate solution The uteroverdm is 
brought into ether in the manner desenbed above The united blue-green 
ethereal solutions are thoroughly washed with water The uteroverdin is now 
extracted with an abundance of 1 per cent, aqueous HC9 Here one must 
work quickly, as the uteroverdm hydrochloiide is only dightly soluble m HCH 
At least an equal volume of HCl is therefore added immediatdy to the ethereal 
solutum After two or three extractions the ether remains brown and contains 
only luBmatm The hydrochloric acid sohitKm is shaken unmedutely with a 
little ether m order to remove the last traces of hiematm. After standing for 
a shot tune the hydrochloride of uteiovmdm separatee out from the hhie-greou 
solution m fine, shining platelets The precipitate u filtered off and dried m 
an evacuated doeiocator The filtrate is partially neutralised with sodium 
^ carbonate, mixed with eoditun acetate and extracted with ether, the ethereal 
solution IS thoroughly washed and evaporated down m a stream of mtrogsn 
at low pressure It is dned in tioouo at 00° and the residue, together with ^ 
dried precipitate which was filtered off, diaeolved m methyl alcohol containing 
HOI. It IS estenfied by standing for 12 hours m 16 per cent Hd m absdnte 
methyl alcohol, taken down to dryness m weuo, the residue digested with 
ether and dissolved m a little methyl alcohol. This solution is mttodaoed 
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lato a miztiue of ether and dilute sodium acetate aolntion to get the free aster 
TIw flooke which at first separate out at the boundary layer go mto the ethsnal 
sdntion on further shaking out with ether This solution is repeatedly washed 
with 2 per cent sodium carbonate solution which takes out a little unestenfied 
uteroverdin and then immediately with much water, filtered through a dry 
filter, dried with sodium sulphate, and evaporated down in vaouo m a 
stream of mtiogen The ether must be absolutely fine from peroxide, as 
otherwise the uteroverdin is rapidly oxidised to a blue “ bilioyanm "-like, or 
a red-violet pigment which is soluble in petroleum ethw The residue from 
the ethereal solution is digested with peirolenm ether and a httle ether, takep 
up m hot absolute methyl alcohol, and the solution is then concentrated On 
standing under nitrogen the methyl-ester of uteroverdm separates out m flat 
platelets, which are apparently completely similar to those of the ester of 
oocyan. (Dark green platelets with a violet suifisce colour, sometimes also 
coarse four-sided prisms, some with straight ends, some with oblique or wedgu- 
shapedends, fig 1, Plate 18) The solubibty m methyl alcohol decreases on 
repeated recrystalhsation 45 mg of crystallme uteroverdm ester were 
isolated from the first uterus, and 300 mg were obtamed from three others 
In spite of the sunilanty m form the orystak are not identical with those of 
oocyan-methyl-ester We have to thank Dr Bernal for the followiiig 
oompanson of the uteroverdm and oocyan-methyl-estera — 

Uteiovndm- Ooiyaa- 

methyl-ester methyi-esttt 

In. unpolanaed light Bright green—dark Bright blue—daric 

gieen*Une. green-Uue 

In polanBed light- 
plane of polansation 

(а) Fhrallel to long axis of Oreen Dark blue 

^tdets 

( б ) PSipendioular to long axis Blue White 

Between crossed N'lcoJs* piums 

(0) In TCotaagnlar position Approximate ex- Blue (changes on 

tmotion, daric turning the oystal 

red to red, green, 

gieen-yelkrar) 


<6) 46« position 


Bright green. 
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The mehing point of nteroveidin u 199° C. {ooneoted), with dooompontioii. 
On rapid heatioj^ it is found to be hi^er. A mixturB with oocyan ester melti 
at the ■■■">* tempeiatuie or some degrees higher. Oooyan has a higher 
melting point—^233-234° C 

The mioro-analyses were earned out m the Kaiser Wilhelm Inst, f medix. 
Forsohung at Heidelberg by Dr Roth. The substance was dried in hi^ 
vaonum at the temperature of boiling alcohol 

2*753 mg substance —6 875 mg. GO|, 1*60 mg H^O 
3 579 mg substance —8 89 mg 00^, 2*04 mg H|0 
3 01 mg substance —0*237 c c N| (at 761 mm and 20° C} 


Methozyl— 

3 824 mg substance —2 63 mg Agl 

2 165 mg substance —1 47 mg Agl 

Calculated for— 

C„H„N40, C = 68 82, H = 6 28, N =» 9*18, 2 OCH, =* 10*16 

C«H4,N40, C = 68 37, H = 6 89, N = 9 12. 2 OCH, = 10*10. 

Found— 

0 = 68 101 H = 6 50-1 N = 9*05, OCH, = 9 09) 

68 08] 6 * 42 ] 9 03) 

Uteroverdin ester gives a definite Qmehn reaction, as does oocyan ester. 
This IB best earned out by adding cone nitnc amd to its solution m bhlorofcnm 
But even when using dilute sulphuric amd and nitnte the blue stage can be 
observed if only very httle mtnte is toJeen Both substances behave in a 
completely analogous way on the appearance of the blue colour a band appean 
at 630-600 mp. m the case of uteroverdm, and 620-690 mp with oooyan, 
besides which a weaker band can be seen at about 550 mp The scdntion 
becomes blue-violet and then red-violet In the first stage the second band 
becomes stronger, the first moving towards the ted Afterwards the nrolHlm 
band (496 mp) appears. 

The absorption curves, fig 2, Plate 18, of uteroverdm ate similar to tiiooe of 
oo^an, both m acid and m neutral sdutian Fiee uteroverdm, Bfce free 
oooyan in ether, is a greener blue than the omnespondmg ester. 
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Fhotometno absorption curves of uteroverdin - m CSHa^H + ^ cent HOL 

••• in neutral GH^OH 
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The Trypamctded Action of some Denvatives of Anil and Styryl 

Qmnoknes .—II ♦ 

By C H Browning, FRS, J B Cohsn, FB8, E E Goofbb, and 

R. Gitlbransbn 

(Beoeived January 30,1932) 

(From tba Medioal Sohool, Leeda, th« Pathologioal Dapartawnt of the Umvenlly and 
the Western Infirmaiy, Glasgow) 

The Bubatanoes whose actions are desmbed here ate analogaes of com- 
pounds already investigated (Browning, Cohen, BUingworth and Oulhcanaea) 
The method used in testing for trypanocidal actum was that iweviously detailed 
Mu» 24 hours after moculation with T truest, when soanty parasites wan 
present m the blood, received a subcutaneous injection of a solution of the 
drug. The results arc shown in the table Animals infected with the atram 
of parasites employed were cured by the active styryl qumobne oompoiaiids 
Nos 8 and 90, in the doses previously stated 
And qumalhnee —Nos 352, 353, 350, 361, 358 and 360, like their analogua 
2 (p^iinethylammo anil)-6 acetylammo qumohne raethochlonde (No. 00) 
already exammed, manifested only a slight to marked trypanocidal action 
when doees approaching the maximum tolerated by the aniwiAk were used. 

Styryl jwuMdmM.-^'With Nos. 869, 361 and 412— anatognes of 2(p>amiiiD 
8tytyl>4 acetylammo qmnoline msthochknide (No 8)—cures were eSeoted 

* The wwk repeated in thu oommunioation ww done wHh the siQfnrt of the llidiBBt 
Ksseiroh Ciouadl 
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m every ease, but on testmg a senes of doses the range of actum of these 
snbstanoes appeared to bo less than that of No 8 2(|>-laat7]amaio Btyiyl)-^ 
amino quinoline methochlonde (No. 391) had jnaotumlly the same range of 
action as No 8 On acetylation of the ammo group m the qumoline niudeos 
of No 391 (No 397) the tr 3 ^nocidal properties did not appear to be markedly 
altered, the latter substance tended to produce convulsive effects, a character 
exhibited by other compounds whose ammo groups m both nndei have been 
acylated, e ^, No 88 The convulsant action was madeed m No 417, the 
trypanocidal property of the latter was well developed No 898, the acetyl 
lactylamino analogue of the quaternary compound of 2(p-ammo styryl) 
acetylammo benzthiazol (No 332) and No 392, the similar analogue of 2{p- 
acetylammo styryl) ammo bensthiazole (No 368), had trypanocidal activity 
of nearly the same order as the compounds with the free ammo groups 


Expenmental 

Acnyl lactylammo qmnaldtne —p-ammo qnmaldme (5 g) were dissolved 
m chloroform and a solution m chloroform of acetyl lactyl chloride (4*8 g) 
prepared by the method of Ansohuts and Bertram (1904) slowly added Heat 
IS evolved and the reaction is completed by heatmg on the water bath for half - 
an-hour On distilling off most of the chloroforAi the hydrochloride of acetyl 
lactylammo qumaldme crystallises with chloroform of crystallisation, yield 
IS 11 4 g It was dissolved in water, made just alkalme with ammonia, 
extracted with chloroform and dried with sodium sulphate On removing the 
solvent, a sticky mass temamed which on rubbing with a little ether oijmtal- 
lued After recrystallisation from bensene, it separated m colourless plates, 
mp 141-142*’ 

Acetyl toctylammo quwuMvne met/iosulpkate - The base (4 g) was dissolved 
in benxene and heated on the steam bath with dimethyl sulphate (1*6 c.o.) 
for 2 hours A pale yellow solid separated which was filtered and washed with 
benxene It was recrystallised from alcohol, yield 3 8 g Found, N, 7*10 
pet cent , C^fH|g 07 N|S requires N, 7 02 per cent The methochlonde is 
obtamed by adding a saturated salt solution to a concentrated solution the 
methoBulphate. 

fl-Lae^/limtno qtanaidtne —The above acetyl derivative (fig) was shalom 
with 60 0 c. normal sodium hydroxide solution On standing, ciystak of the 
hydrate separated and were filtered, washed and dried It loses water at 
100^ scdidifieB and melts at 192* (yield 3*0 g) 
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Q-Ixutylammo jumaldime metJuaaljAate ,—Was ptepaied heating the base 
and methyl sulphate m mtiobenaene on the steam bath It orystallised from 
alcohol m yellow needles Found, N, 8*00 per cent , lequuea 

N, 7 *87 per cent 

Acetyl latiylcmmo bemalddtyde —Freshly prepared ammobenzaldehyde 
(4 Og.) weiedissolvedm chloroform and pyndine (6c c)added After coding 
m water, acetyl lactyl chlonde (5 6 g) m 10 c c of chloroform were added and 
the mixture left for some time The reaction was completed on the steam 
bath The chloroform was distilled and the last traces removed m a vacuum 
desiccator. The solution was extracted with water several times to remove 
pyndine, and finally with the addition of a little ammonia The sobd product 
was crystallised from benzene several times, m p 114-116° It forms cohradess 
crystals Found, N, b 4 per cent , fli|Hu 04 N requires N, 6 per cent 

Acetyl lactylamvno benztktazaie —^Ammo 2-methylbenzthiazole (4 3 g ) were 
dissolved m chloroform and acetyl lactyl chlonde (6 g) added The mixture 
was boiled for 2 hours, filtered and the chlorofixcm distilled The product, 
which IS a mixture of the base and hydrochlonde, was made just allcaline with 
ammonia , filtered. Washed and dried. Becrystallised from benzene it forms 
colourless crystals, mp 163-166° 

Aoetifi laotykumno i-meihyl bemthiazdle methoauljAate was prepared 
dissolving the base (1 6 g) m benzene, adding neutzsl methyl sulphate (0*7 g ) 
and refluxing on the steam bath for 3 hours The methosulphate crystdlises 
on cooling and is washed with benzene and dned 

Styryl and and denvatwes of acetyl laetyUmmo and laolylomtno-fmntiUhm 
melJuohlonde are obtamed by heating on the steam bath theoretical quantities 
of the quinsldme and p^mmo benzaldehyde or mtroso dimethylaniline with 
a few drops of pipendme for 1-2 hours On cooling, the ami or styiyl crystal* 
lised and were recrystallised from alcohol or dilute alcohol (styzyls, 369 and 861, 
anils, 368 and 360) 

Styrjfl demaima acetyl laotylammo benathtuoh and of acetyl hetykmtm 
benzeddehyde —No pipendme is used m these condensations In the prepatai- 
tion of 2 ( 2 Huiuno styryl) acetyl laotylammo benzthiazole methocUonde, the 
crude methosulphate is used for the condsnsatum. As the product does not 
crystallise, the alcohol is removed, the residne boiled with water and charcoal 
filtered and precipitated as the iodide, which in turn is converted mto the 
chlonde by boihng with silver chlonde in methyl alcohol. After mystalhaatiim 
from methyl alcohol, it forms long violet needles Found, (3,8 per cent , 
CuEmNsO^SCI requires d, 8*2 per cent. (898). In the case of 2(]MMMiyl 
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lact^lanuno Btyiyl) aniino beiiethian>le methochlonde, a BimilBc proced a w 
was followed as above and the solphate convected to the ohlonde by the additum 
of saturated salt solution. It was finally crystalliaed bom alcohol It fanned 
dark red plates Found, Cl, 8*01 per cent , CuHnOaNaSCl requires d, 8 2 
percent (392) 

2{p-aettj/l lactykumno stjfryl)-6 anuno qtanoltne meAocUonde is earned out 
in the usual way, but on condensation the acetyl group is hydrolysed, yidding 
the lactylamino styiyl denvative Found, Cl, 9 26 per cent , CnHggOgN^sGl 
requites Cl, 9 *3 per cent. (391) Also in the condensation of acetyl ladylamino 
benzaldehyde with acetylamino quinaldine methiodide, hydzolysui of the 
acetyl group in the fonner occurs giving 2(p‘lactylainino Btyryl)-6 acetylamino 
quinolme methiodide Found, 1. 24*4 per cent , requires 

I, 24*6 per cent (397) 

S-Jhaoetyl glycerylamtno qumaldme methtothde —^Freshly prepared glyoeno 
acid (60 g) were added in small qumitities to acetyl chlonde (100 c c) and 
cooled m ice water if the reaction is too vigorous or warmed gently on the steam 
bath if the syrup fails to dissolve The mixture is left at room temperature 
overnight and then refluxed on the steam bath for half-an-hour. After cooling, 
70 c 0 of thionyl chlonde are added and the mixture warmed cautiously and 
finally refluxed for 2 hours on the steam bath The excess of thionyl and acetyl 
chlondes are then removed by distilling »n vaouo at 36** The residual syrup 
IS distilled rapidly at 16 mm or less until the boiling pomt reaches 100°. Yield, 
7 g., boiling at 76-86° at 16 mm The diaoetylglyceryl chlonde dissolved in 
an equal volume of chloroform is added to anunoquinaldme (10 g) m chloro* 
form. Heat is evolved and when the reaction has moderated the reaction is 
oomifleted by refluxing on the steam bath for 2 hours The precipitated ammo* 
quinaldme hydroohlonde is filtered and the chloroform solution evaporated. 
Xhe gummy residue is washed with dilute ammonia and water, extracted with 
chloroform, dried with anhydrous sodium sulphate and the chloroform 
removed The product which did not crystaflise was converted directly mto 
the methiodide by heating with excess of methyl iodide for 3 hours on the 
steam bath. 

The crystallme methiodide was recrystalhsed foom alcohol and forms 
oolonrless needles, mp 217-219° (decomp) Found, I, 27*1 per cent ; 
0uHttO|N|I requires 1, 26*9 per cent. In the preparation of 2(p*aoe^l(imMio 
j^yoer^tonmo ^utnobne meiffaodAe and 2{jp-aimimo ^yeerffi- 

ammo jutnohne nuUnodtde, 6 diacetyl glycerylamino quinaldme methiodide 
was used, but in process of oondsnsation the acetyl groups were removed 
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The eondeDBatiODS were efEeoted m mefchyl aloohol with the additioa of p^en- 
dme In the fint case found, 1, 24*0 per cent , lequuM X, 


Subatonoe 


methoohlonde 

9M ^IMUmethylamlno anil) 6 lauiylamino qmnoliae metlio- 
ohlonde 

860 2(p dimothyhunino anil) A oapiylylaiRino quinohno metho- 

chinrido 

801 2(p diiiiH li\Kiniii‘ an 11 i\ p<*laiviui}iaiiiir o qiiiiiolinr mni li 

ohluride 

306 8(jMUmeth3rlamlno aDil)*6 aoetyl laotylamino quinoline 
methoohloride 

860 2(p-diiiieihylaniino anil) A laotylaminu quinoline meiho> 
ohloride 


860 tip amino ntyryl) 6 aoetyl laotylamino quinoline metho 
ohloiide 


361 I 2(p amino Mtytyl) 6 iacttylamino quinuJme methoohlonde 
418 2(jv amino ittyryl) A glyoeiylamino quinoline methoohlonde 

391 2(p laotylaminu fityryl) A araiuo quinoline methochlondo 


397 2(p laotylamino Htyryl) A acetylamino quinoline metho 
i ohlonde 

I 

417 I 2{p aoetylamino Htyryl) 6 glyoerylamino quinoline luetho- 

j ohlori^ 

398 I 2(p-ammo Hlyryl) acetyl laotylamino benzthiaxole metho 

ohlonde 


392 2(p'aoetyl laotylamino Htyryl) ammo benatbiaaole iw^tho 
ohloride 


! 

1 

1 

l)oee 

RmhH 

1 

> 

10(H) 

Slight 


1000 

Slight 


500 

Slight 

,i * 

500 

fflight 

1 1 

1 M, 

1 

500 

SBght 

■| 1 

100 

Hariced 

1 

1 

1000-\ 
7600 /I 

1 

Cure 

1 

10000 

Marked 

1 1 

1000 1 

Oure 

1 i 

6000 

(Ouie) 

I { 

500 \ 
5000 / 

Cure 

1 1 

lOUOO 

Marked 

! 1 

J ^ 

1000-\ 

15000/ 

Oure 

1 

20000 

Marked 

1 { 

700- \ 
7600 / 

Cure 

1 

10000 

Marked 

1 

1 

5000-\ 

loooo/ 

Cure 

1 

16000 

Slight 

1 

i 1 

600- \ 
1000 / 

Cure 

1 

2500 

Marked 

1 

5000 

fiUgbt 


760 

Cm 

1 1 
! 1 

6000 

10000 

II 


The dome shown am raohoned per 20 gnm body-wwgbt of the ffioam The hi^eat doae 
shown {or each subatanoe u one wbloh approximates to the largest amount home by uninfooted 
a nimal s without producing obvious toxic effeots» e g , lou of weight 

i^ole,-~Tho terms used to designate the lesser demes of tiypanooldal action are as foUovs:— 
TracMi ^ Prolongation of Ufa for eevend days beyora that of the untreated oontiols 
Slight — Ouappeaianoe of parasltee from the bkm for several days to a week 
Marked » Abaenoe of parasites from the blood for 10 days or longer 
(Cure) indicates that with the doses shown oure was effected omy in a pmportkm of 
the animals treated 
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S8*8 per cent* In tlie second case fonnd, I, 24*9 , xequixes I, 

26*8 per cent* The monoacetylglyceryl derivative requires I, 23 8 percent 
The high analytical number in the second compound may be due to mcomplete 
hydrolysis Both compounds were converted mto the methochlondes with 
silver chloride and recrystallised from methyl alcohol (417 and 412) 

Caprylyl (350), pdargonyl (351)» undeoylenyl (362), and lauryl (363) amvno 
fumaldM^e derivatives were prepared from the acid chlonde (made by the action 
of thionyl chlonde on the acid) added to an acetic acid solution of ammo- 
qumaldme and heated on the steam bath for 1 hour The product was diluted 
with water, precipitated with ammonia and crystallised from dilute alcohol 
The methiodides were obtamed by heating the substances m sealed tubes with 
nwthyl iodide at 110-120'^ for several hours The methiodides crystalbse 
from alcohol m pale yellow needles and decompose on heating The con¬ 
densations proceed normally and the methioflides were converted into the 
methochlondes m the usual way 
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Induced Mdamam in Leptdoftera. 

By A W MoEbnnt HuaBBS, DIC 

(Commumoated by Sir Daniel Hall, F R S —Received December 10,1931) 

Iwiirodwstvm 

P _ 

In two previous papers (Hamson and Ghirrett, 1926, and Harrison, 1928) 
the experimental production of melamc varieties of the moth Sdema bilmana, 
Bsper, was reported, following upon the feeding of the larva upon hawthorn 
leaves which had absorbed small quantities of lead and manganese salts 
respectively These induced melamc forms were mherited in subsequent 
generations as recessives on ordinary mendehan Imes The production of 
these melamcs was assooiated by Harrison with the occurrence of molamcs 
m various species of Lepidoptera in mdustnal areas both in England and 
Qermany where it might be expected that the food plants would become 
contaminated with metalho fumes 

The production of a variation so striking and heritable in what had hitherto 
appeared to be a fairly stable species seemed to call for farther exponmental 
investigation, especially as a natural melamc m the species had been reported 
(Mansbridge, 1927-28) While it is known that certam violent disturbances 
of the organism, as by treatment by X-rays, may mduce ** mutations ** which 
are heritable, it is always difficult to be sure that the species in nature does 
not oontam an occasional recessive gene which escapes observation because 
of the extreme rarity of the matmga which would result m the emergence of 
the recessive phenotype A fresh senes of experiments was therefore initiated 
at the John Innes Horticultural Institution m order to ascertam if melamc 
vanatious could be mduoed with any regularity by the method mdioated by 
Hamson. In any case it was difficult to understand that manganese should 
be a casual factor, m view of the mvariable presence of manganese m plant 
tissues and the absence of evidence that the proportion is significantly greater 
m leaves m industrial areas 

Seven females of the Qeometnd moth Sdema Munanaf Esper, were caught 
m the spring of 1928 to start the experiment These females were collected 
ficom difEerent areas m Southern and Eastern England, as far as possible away 
from industrial areas Three females were caught m the New Forest, two 
at Hoiseheath m Cambridgeshire, and one at Balsham in Cambridgeshire, 
and one near Warboys in Huntingdonshire Each family was given a letter, 
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ArC being from the New Forest, D and F from Hoiaeheath, B from 
and G from Huntmgdonshiie. In the course of breeding the stttmgest family, 
as judged by general behaviour, from each of the three areas was selected 
for'the experiment and the remamder were discarded. The wild moths were 
m all respects t]rpical spring brood females of 8 hUunana, and subsequent 
generations have all been normal, no signs of melanism having appeared at 
any tune The families have been inbred throughout, and the sue of the 
broods has decreased very considerably as will be se^ by oompanng broods 
in the tables Family D died out after the fifth mined generation and the 
treated broods in family C after the fourth mbred generation The experiment 
m this family, however, was restarted from a large control brood and two further 
generations on lead have now been reared Family Q has been mbred for 
SIX generations, four of which have received lead and manganese treatment. 
In each family no treatment took place imtil the third mbred generation, m 
order to make sure that there was no latent melanism m the stock 

Tedimque and Method of Treatment 

The experiments were carried out m a specially built msectazy with glass 
roof and sides shaded with mside and outside blinds On emergence fomales 
and maleB were selected at random as they synchronised, and were placed m 
a muslin sleeve to pair Usually a large number of painngs were made, mote 
especially m the later generations, as it was found that many of the pairings 
failed owing to infertility Eggs were laid on the muslm, which was cut up 
mto oonvement pieces to fit mto a 3-in(fii glass-topped tm box m the bottom of 
which a filter paper had been placed The eggs were all counted as the sleeve 
was cut up When the resultmg larvss hatched they were transferred to a 
further 3-moh glass-topped tin box containmg the food plant Cratgaut oag~ 
ooontlia (hawthorn), as it was found that placing the food plant m boxes m 
which the eggs were hatching was apt to produce mildew mi the muslm and to 
decrease the hatch If the weather was very hot a bttle water was dropped 
on to the filter paper at the bottom of the box containing the eggs. Whmi the 
lame had developed to a sufficient sue they were transferred to glass eylmdets 
with a partially perforated zmo top and bottom, and the food {dant was placed 
m glass tubes inside. The insects wore allowed to pupate m the eylmdets, after 
which they were transferred to shallow wooden boxes containing earth covered 
enth a layer of silver sand Each pupa was then coveted with an ordinary 
glass tumbler and a nnall stick was placed inside each ghus upon which the 
emerging inaeot might expand its wmgs 
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Trea^m&nt of Food Plont 

The same metallic salts as those tised by Professor Hamson and Dr. Oanett 
were chosen for this experiment, lead nitrate and manganous sulphate Cut 
twigs of hawthorn were placed with their ends m a solution of these salts in a 
concentration of 1 gramme per litre for at least 24 hours before use Analyses 
were made from time to time to asccrtam the metallic content of the foliage 
In the first two treated generations a departure was made from Hamson and 
Garrett’s method as the twigs, havmg been treated for not less than 24 hours, 
were placed m ordinary water m the breodmg cylinders In the last two 
treated generations the solution was also placed in the cylmders 


The Expenments 


The families retained were, C from the New Forest, 1) from Horsehoath, 
CSambndgeshire, and G from Warboys, Huntmgdoushirc After the first 
two mbred generations m which oidy pure untreated hawthorn was used a 
third generation was raised and it was decided to divide each brood into 
treated and control portions and to limit the controls to 50 larvsB It was 
further thought that 10 lead-treated and 3 manganese-treated broods per 
family with their controls would be suflicient to serve as a basis for a larger 
fourth generation Each brood was therefore divided and the family letter 
preceded the treatment letter, L meanmg lead, M meaning manganese, and N 
mcanmg “ nothmg or control, over the index of the year and whether Sprmg 


or July broods, S or J Thus the first lead-treated broods were called 


DLl ^ 
29S’ 29S 


CNl 

, thoir controls were called and so on respectively The first 


29S’ 

manganese broods were called their controls were different- 


lated from the lead controls by havmg alpha, beta, and gamma after them, thus 
succeeding generations it was always hoped to keep at 


least two control broods for each family, but thu was not always possible 
It will bo noticed that as the famikea woe ptogresuTely inbred theix vuduhty 
decreased In the first jjeneration from wild-collected females 107 egfs 
yielded 88 imagmes, m the sixth generation, the one &mily that had been 
preserved in unbroken descent yielded <mly 109 imagines ftoia 2497 eggs (sum 
of the treated and control broods) There is no evidenoe that the tKeatmmit 
had given rise to any difference of viability In the fifth genecatiQn, fmc whfoh 
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greater numbers are available, the untreated controls yielded 100 imagmes 
from 781 eggs (12 8 per cent), the lead-treated broods yielded 138 imagines 
from 960 eggs (14 3 per cent), the manganese-treated broods yielded 27 
imagmes from 326 eggs (8 3 per cent) Li only one instwce was disease seen, 
and the affected brood was at once eliminated and the cages disinfected 
throughout 

The progress of the experiment m the different families can best be followed 
in table form ivhich follows 

Family C 


Bemarki 


1 I I I I I 

H. I I a i -s. 


4 j TvpioA.1 Juliana iiiMoifi 


11 3 Typical HpnnK inaeots 
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Induced Mdamem in Lepidoptera. 
Fanulj C—(oontuuied) 
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Family C—(contmued) 
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Family D—(oontmued) 
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Induced Mdmtm *n Lepidcptera. 

Family D—(contmned). 
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A. W. McKexmy Hughes. 
Family D—(o<mtmned) 





















































































Induced Mdamsm in Lepuioptera. 891 

Family D—(continued) 
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Induced Mdamm, in Leptdoptera. 3A8 


Family G—(continued) 
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Family Q—{contmued) 
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A. W. MoEomj HaflMM 

Family Q—(oaatmued). 
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Family Q—(oontunied). 
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A. W. McKonny Hughes, 
Faiiuly G—(ootttmued)* 





























































Induced Mdawem in Lepidoptera 


In the first year (1929) of feeding on treated foliage, analyses were made m 
order to asoertam that the lead and manganese did reach the leaves and the 
larvce In the untreated foliage the amount of lead was never measurable, 
but manganese was always present m amounts varying from 0 0003 per cent 
early in the season to 0 002 per cent m August, In the treated foliage the 
lead was always present and varied between 0*002 and 0 006 per cent The 
manganese content was also increased, on ocoaaion, to 0*004 and 0 005 per 
cent. These percentages are calculated on the green material 
Because of the difficulty of accurate estimation of these very nimutc quantities 
of lead and manganese, at the instance of the Ministry of Agriculture, Sir 
Kobert Robertson was good enough to undertake some further analyses by the 
refined methods employed in the Qovemment Laboratory Leaves had been 
preserved at three dates, May, July, and August, 1930 , the untreated matenal 
yielded respectively 0 009, 0 008 and 0 011 mgm of lead per gram of dry 
material The com^sponding treated matenal (ontamed 0 24, 0 20, and 
0*092 mgm of lead per gram Of the manganese the untreated matenal 
yielded 0*05, 0 05, and a trace , the treated matenal gave 1 1, 0 5, and 4 4 
mgm per gram of dry leaf The imagmeb reared m the third and fourth 
generations and also subsequently those of the sixth generation were analysed, 
but the amounts of lead and manganese found weiv too minute to be able to 
say conclusively that there was more lead or manganese in the treated moths 
than in those which were imtreated 


Conduston 

Whereas Heslop Homson obtamed molanic moths m the second treated 
generation, no melanism has appeared m the present experiment even after 
fimr treated generations The final imagines obtamed ate the sixth mlired 
generation smee the start of the experiment in 1928 In this expenment 
tiierefore the attempt to induce melanism in Selema bihimna, Esper, by treat¬ 
ment with lead nitrate and manganous sulphate has failed 


(1) An attempt has been made to induce melanism in Sdema bthiftona, 
, Bbper, by feeding the larvfls on hawthorn treated with lead and manganese 
salts 



400 A. W M<£«iiny Hughes. 

(2) Six geaerotionH totalling 3266 motha have been leaied 
(8) No melamc individuals have appeared either in the treated or the oimtKd 
broods 
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Thanks are due to Sir Daniel Hall for his help and interest throughout the 
experiment, to Professor J B S Haldane for hia supervision of the woi^ and 
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to the conduct of the work, and for hts mterest throughout the eiqieriment 

Professor J B S Haldane has hundSy oontnbuted the ftHomng dtsousston 

The system of matmgs adopted was designed to reveal any recessive factors 
for melanism latent in either control or experimental stooks Had melanism 
appeared in the latter and not the controls, the latter were sufficimtly numerous 
to make it almost certam that it was due to mutation If we call the recessive 
factor for melanism t, the corresponding dominant T (Harrison’s tecnunology), 
the mating of T( X Tt gives about a quarter melanics Thus if a fomily of n 
IS bred, the chance of obtaming at least one melamc is 1 — (f )”. For example, 
if n ss 10 this chance is 0 9437, % e , only 6 6 per cent of suoh families should 
fail to reveal the recessive factor 

The 82 broods, some of whose ancestors had been treated with lead, oontamsd 
910 mdividuals, none of which were melamc. Homson and (fanett reowd 
five similar broods (1923 AL, BL, LL and TL, and 1924 LL) which oontamsd 
186 types and 6 melanics Wo can arrange these figures with those of 
m a fourfold table, and find a measure of divergence x = 6* 17. The piobabilil^ 
of so great a divergence being due to ohanoe is less than 10~*. The use of 
the X* formula is not, of course, qmte legitimate when one the four nundien 
18 zero, but the order of magmtude of the foobability is unafieoted. Bad 
these two experiments given parallel results, 88*1 melsnios would have been 
expected among the 910 moths reared 

The companson can be made even more ehtaoify by oompanng cnl^ faroods 
whose parents and themselves were reued on lead-teeated food. Haro fiSI 
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types and no melatuos weie obtained, while Hamson and Gkucntt obtained 
71 types and 6 melamcs. The ezpeotation on this buis m the Merton ezpen- 
menta was 60*8 melamcs, and the probabihty tliat their non-appearanoe waa 
due to chance wan much leas than m the former case 

We can compare the resulta in atUl another way In the 82 broods from 
lead*tieatod anoestiy the average number per brood was 11 09, and 36 con* 
tamed 10 or more individuals We may take it then that somewhat over 40 
parents of those broods were not both heterosygous for the factor t If now 
the appearance of melanism was due to the heterozygosity of the parents (an 
hypothesis whuih Harrison rejects), m his case three pairs out of five were both 
heterozygous Here / = 6 07, and the probabihty that the divergence is 
due to chance is about 3 8 X lO'^ 

The manganese results may be treated m the same way, though, being fewer, 
they arc less conclusive Here 12 broods whose ancestors had been reared on 
manganese gave 116 types and no melamcs In similar famihes Harrison and 
Garrett obtained 12 types and 8 melamcs m one family (1923, DM) while 
Hamson obtained 310 types, 29 melamcs, and 4 mosaics in five families (Tl, 
T2, T3, T4, T6) Here x — 12, and the probability that the divergence is 

due to chance is 0 0018 

It IS thus perfectly c tear that had Hughes’ insects behaved m the same way 
as Harrison’s, some inelamcii would have appeared The chances of their 
appearmg in this (ase were almost a billion to one 

Considering Hamson and Garrett’s results, if his original female or her mate 
were T^, the other parent being TT, half the offspring would be T^ In such a 
case the chances are even that the pair chosen to breed from were also TT and 
Tt, giving the all-type brood of summer 1922 Again, there is a chance of one 
in four that the two pairs of this family chosen for breeding were TT and Tt 
Contnds were fared for the lead experiment, md presumably m this case two 
TT parents were chosen, and their offspnng bred together for two or more 
generations* The chance of this event occurring m a half heterozygous 
family would be one m four Thus the odds against a mendelian exj^naticm 
of Hamson and Garrett’s results are, so for, fifteen to one However, as 
Hamson and Garrett pomt out, the small proportion of melamcs segregatmg 
in faimliea AL, BL and LL of 1923 is very difficult to account for on such a 
basis It would readily be explicable, however, if t were linlmd with a lethal 
gene Such a possibLlity cannot be demed, and would account for the amatt 
numbers found. It would also perhaps account for the absence of mdamos m 
control fomiUfiS which ought otherwise have revealed heterozygosis, Hamson ’a 
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later residtB with manganese were more adequately oontroUed, and the odds 
agamst a mendelian explanation are now 100 to 1, unless we assume linkage 
with a lethal In this case the recessives should, of course, as they did, give 
normal mendelian results on crossing with typical insects 
It would seem, then, that although Hamson’s explanation of his lesoItB » 
very plausible, it is not conclusively demonstrated For this reason very full 
controls were bred by Mr Hughes, so that, had a melamc appeared, the 
hypothesis of its ongm from a recessive factor latent m the wild moths would 
have been most improbable 
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Inventigaimis mi MedUerrmiean Kala Azar VI —Camne Vuceral 

Leuhmanums 

By 6 AdIiER and 0. Tueodob 
(Kala Asar Oommiwion of the Royal Society ) 

(Commumoatod by Sir Henry Dale, Sec B 8~Reoeived February 3,1933 ) 

IPlatib 19 Aso 20 I 

Following the discovery of canine visceral Leishmaniasis in Tams NicoUe 
and Comte (1908), an extensive literature has developed dealing partioolarly 
with the possible relationship between human and oanme Leishmaniasis 
Most authors, fbUowmg Nicolle, consider Leuhmmm ittfaMum to be the 
causative organism of both human and canme Kala Azar 
In the case of cutaneous Leishmaniasis, L tnpim has been oonolustwely 
proved by direct experiment to be the oauaative organism m both man and 
dog (1930), but in this case there is no evidenoe that the dog serves as a leservmr 
of the human disease. It is mote likely that where human and canine cutaneous 
. lanshTn a niasis co^ist, human beings serve as a teservoix from whudi dogs 
aie mfeoted (1929). It is, however, diffionlt to ouny out similar duect expen* 
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ments with visceral Leishmamasis, for human adults are naturally immune to 
Mediterranean Kala Azat. 

Camne Kala Azar is present in all considerable Mediterranean foci of mfautde 
Kala Azar, but the epidemiological evidence relating the human to the canine 
(liseast* IB still incomplete, smeo Catania, the largest focus of infantile Kala 
Azar m the Mediterranean has according to Pulvironti (1911) and Panto 
(1912), the lowest recorded incidence of the canine diHease (1 6 per cent) 
Oanmc Kala Azar is definitely a seasonal disease* eff, Cardsmatis (1911) m 
Athens found an incidence of 40 per cent in June and 7 per cent m January 
Sergent, Ed and £t (1910) m Algena found an incidence of 7 2 per cent m 
summer, while Lomaire, Sergent and Lh£ritier (1913) found an mcidenoe of 
0*97 per cent mautunui It is therefore impossible to stress the low recorded 
incidence in Catama until a survey on an adequate number of animals has been 
made for every month of the year 

Up to the present the mam evidence for the identity of the human and canine 
rlisease zests on ammal experiments* Wenyon (1926), after reviewmg the 
findings of many authors, states, “ The disease produced m dogs by inoculation 
with the parasite from human cases is identical with the natural canmo disease, 
while the organism from the canmo disease is moculable into animals with 
results similar to those which result from moculation of the human vuros 

The mam sj^mptoms recorded from naturally infected dogs are emaciation, 
anflBvnia, keratitis, scaling of the skm and depilation, but m some cases it is 
impossible to make a clinical diagnosis for, as Donatien and Lestoequard 
(1929) have pointed out, heavily infected annuals occasionally show no signs 
of the disease, which may be discovered only at autopsy Changes m the 
skm m naturally infected dogs have been noted m all foci In Malta Cntien 
(1911) noted that some of the infected dogs were mangy looking and had 
cutaneous ulcers Yakimoff and Kohl-Yakimofi (1911) m Turns and YakimoS 
(1915) in Turkestan recorded depilation in naturally infected dogs Donatien 
and Lestoequard (1929) noted that the areas of depilation are covered by dry 
soaleB and desonbed the condition as one of eczema furfuiace ’’ The same 
authors described small ulcers on the eczematous areas m which L D, bodies 
were found. Chodukm and Schevtschenko (1928) recorded cutaneous ulcers, 
the presence of L D bodies m the sebaceous glands or hair follicles of apparently 
healthy d<^ with visceral Leishmaniasis m Tashkent, and compared the 
condition of the skm to that found m experimental Ghmese hamsters. Chodukm 
(1928) found an infootxon rate of 2*8 per cent m sandflies fed on naturally 
iiileeted dogs Sofioff and Sohevtaohenko (1929) workmg m Turkestan found 
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that sandflies, P fopatasit, became infected after feeding on dogs with nuaed 
infections of cutaneous and visceral Leishmaniasis, but the infection rate m 
the insects dinuntshed oontmuously from 96 per cent after one day to 4 per 
cent, after seven days The dimmution of the infection rate m this expenmeiit 
may be due to the fact that after mfoctmg themselves with LetsAmoma the 
insects were allowed to feed on sugar and water If the sugar and water are 
not stenle this procedure inevitably produces a rapid diminution, and 
eventually complete destruction of the flagellatos m the sandfly, owing to the 
multiplication of bacteria in the alimentar}^ tract of the insects Donatien, 
Lestocquard and Parrot (1929) recorded a cutaneous ulcer with L D bodies 
in a dog with Kala Azar from Algeria, and Parrot, Donatien and Lestocquard 
(1930) found that 4 out of 53 sandflies, P permciomiSy which fed on a dog with 
cutaneous ulcers and Kala Azar, became mfected The mfection m the insects 
was Gonflned to the stomach 

In this paper parti<‘ular stress is laid on the previous descriptions of the skin 
in naturally infected dogs because, as will be shown later, the changes in the 
skm of fundamental importance m the pathology of canme SLala Aaar 
and the problem of transmission by biting insects and cutaneous ulceration 
IS not an essential or even important part of the skin condition 


Ftnd%ngs %n Malta 

In Malta, Critieu (1911) found 10 out of 83 dogs infected Wonyon (1914) 
found 6 out of 46 infected Cntien found no marked vanation in the moidenoe 
of the disease between April and October 

Between June and October, 1931, 100 stray dogs were exammed and 11 
were found to be mfected It was soon evident that liver puncture is not a 
satisfactory method of diagnosis In all cases the diagnosis was established by 
examining the spleen The animals were anmsthetised with a mixture of 
one part alcohol and three parts ether A small mcision was made m the 
abdomen a little below the left costal margm, the upper pole of the spleen was 
drawn up through the incision, a small piece of spleen was removed for 
examination and the peritoneum, muscles and skm were stitched separately. 
With a little practice the whole operation should not take mote than 20 mmutes 
The operative mortality was nil and the animals showed no ill effects as a result 
of the operation 

Nine of the 11 animals showed changes m the skin, % e , sebonhea and depOa- 
tion Foot of the animals were emaciated. The spleen was eolasgsd hi 
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4, nomutl ui 5, atiopbo and fibzoiiB m 2 oaaes In all this 11 miinMi.li« the 
nximber of L D bodies found in spleen smeani were leas than that found in 
an avenge human case Plasma cells vhich ate rate or absent in spleen smeais 
of nonnal dogs were present in considerable numbers even m oases when L D 
bodies were scanty In the atrophic fibrous spleens L D bodies were found 
only after prolonged search but plasma cells wen common 

Butcioguial Changes —The morbid anatomy of the viscem m canme Kala 
Anr has been fnquently desenbed It is only necessary to draw attention 
to the fibrotic changes m the spleen Fibrosis was present m four spleenB 
which were sectioned and it is mteresting to note that fibrosis was most marked 
m the spleens which contained least parasites Fibrosis was not seen m spleens 
of mfeoted hamsters, Crtcettdm grtseua and Cncetm atiratus, field mice, MtonUu 
guenthen, and ground squimls, CUittus aliUtu Unlike dogs, these animids 
never show a tendency to spontaneous cure and it is therefore suggested that 
the fibrosis of the spleen found m dogs is a part of the process of spontaneous 
cute In cases of Oriental sore m human beings spontaneous core is always 
acoompamed by fibrosis It is possible that mfected reticulum cells become 
oimverted mto connective tissue cells which are unsmtable host cells for L D 
bodies. 

Shun —The skiu changes were studied m four naturally infected animals and 
are described m order of the mtensity of the visceral infection. Portions of the 
skm were ezammed from all parts of the body 

Dog No 3 —The animal was well nourished, showed a slight amount of 
depUatum and seborrhea L D bodies m the spleen were scanty Under a 
low power the skm was normal except for mfiltration round some of the hair 
foUioles, fig 1, Plate 19 The infiltration consisted almost entirely of large and 
small macrophages of which a few were infected with L D bodies Every 
section showed a few infected macrophages m the dermis qmte apart from the 
areas of infiltration round the hair follicles There was no apparent tissue 
leaotimi round these mdividual infected maiuophsges, figs 3-4, Plate 20 
The tissue changes characteristic of infections with L trojnoa m human bemgs 
and dogs, % e , massive infiltration with plasma cells and small round cells, 
were entirely absent The epidermis was nonnal 

Dag. No 4 —The seborrhea and depilation were well marked Under the 
low power many of the hair foUides were found to be sairounded by areas of 
mfiltration of the same type as m dog No 3 In some jdaces there was infiltta* 
tion of maceopihages m the dermis apart from the hair foUides and the dermis 
was rather mom cellular than that of a normal animal Although the histo- 
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logical changes were more pronounced, infected nuMacophagea wen fewer tihan 
in dog No 3. 

Dog. No. 2 .—Seborrhea and depilation were well marked and the anunal 
was emaciated. 

Many of the hair follicles were surrounded by anas of infiltration of the 
same type as in dog No. 3, fig 2, Plate 19. Infected macrophages wen mon 
numerous than m the previous animals both m the areas of infiltratioa roqnd 
the hair follicles and m the normal dermis between the hair foUides Fhtohes 
of dermis wen rather more cellular than normal, but m the mam the dermis 
apart from the affected hair foUicles was normal A few of the hair fidhcles 
showed proliferation of epithelium from their external border The histo¬ 
logical changes wen loss marked than m dog No 4, but infected macrpidiageB 
wen far mon numerous 

Dog No 1 —Seborrhea and depilation wen well marked The vuoer^ 
infection was heavier than m all the other pomtive animals and spleen smears 
showed an average of two L D bodies per field The uiimal was shf^tly 
mnaciated but gamed weight in the laboratory The histological changes m 
the skm wen similar to those found m dog No 2, but wen rather mom marked 
and infected macrophages wen much mon numerous A few plasma cells 
wen pnsent m the ana of infiltration and wen confined to the neighbourhood 
of the small vessels supplymg the affected hair follicles. Sections of the skm 
showed mon parasites than those of spleen or liver Infected macrophages 
wen also found m the subcutaneous fat. The dermis m parts was mon cellular 
than normal and then wen a few areas of macrophage infiltration apart 
from the infected hair foUicles, but many parts of the dermis wen quite notmaL 
The epidermis was normal except for a few small patches when it was thickened. 
Dog No 1 was observed from September 7,1931, till November 5,1931, whmi 
it died of broncho-pneumonia. During the last 2 weeks of the animal’s life 
the skm condition was accompamed by imtation uid several uloem weie 
produced as a nsult of scratching 

Infected macrophages m the dermis of dogs an very amoeboid and may send 
long thm pseudopodia between the oonnective tissue uid elastic fibres among 
which they be They an also phagocytic and occasionally ingest mrianm 
granules. 

The bstologioal changes m the skm m canine Kala Aaar can be briefly 
summarised as a selective infiltration of macrophages round hair fidholss 
inoludmg the sebaceous glands, figs. 1-2, Plate 20, and ^e presence of infected 
mamophages m normal dermis The latter ^ienomen<m m the oomi^te 



Mediterranean Kola Azar. 


407 


absence of secondary infiltration of round cells and plasma cells is the most 
striking characteristio of canine Eala Azar and differentmtes it from L» tropuia 
In the more advanced stages the dernus is more cellular than that of normal 
dogs and may even coutam a few small dense areas of infiltration with macro¬ 
phages and some round cells and polymorphs, fig 3, Plate 19 The ertemal 
changes, t e , seborrhea and depilation are roughly proportional to the number 
of affected hair follicles It is quite impossible to confuse the skin changes with 
those of L tropuxi where the infiltration of macrophages is dense and not 
confined to the hair folhcles and the presence of infected macrophages m the 
dennis, particularly m the later stages, is always accompanied by considerable 
infiltration of plasma cells and small round cells 
The histological differentiation between the skm changes in canine visceral 
Leishmaniasis and those m canine cutaneous Leishmaniasis are of no practical 
importance either m the Mediterranean basm where natural infections with 
L tropUM m dogs are unknown or m Mesopotamia where natural mfections 
with L iropkca are common and canine Kala Azar does not occur It is, 
however, of the greatest importance m Turkestan, where P serge/nhy P papaitmi 
(carriers of Oneutal sore) and sandflies of the Major group arc common This, 
m our opinion, accounts for the fact that both cutaneous and visceral Leiah- 
mamasis are common m man and dog m Turkestan From the description of 
Russian wnteis it is evident that muted mfections are not uncommon m dogs 
This fact has to bo taken mto account m the mterprotation of transmission 
experiments with sandflies Chodukin, Sofieff, Bchevtschonko and Radstvilov- 
ski] (1931) earned out an mtorestmg experiment From May 10, 1930, till 
October 15, 1930, they kept four healthy dogs proved to be free from Leish- 
manta in the same room as an infected animal m such a way that direct contact 
between the healthy and infected dogs was impossible Durmg this period a 
total of 600 wild sandflies {P papatant and P aergmlt ¥ $) were mtroduoed 
mto the room (Both of these species have been shown experimentally to be 
carriers of cutaneous Leishmaniasis) On October 15,1930, one of the healriiy 
dogs was found to have an ulcer on the nose There were no olmical signs of 
visceral Leishmaniasis and no L D bodies were found in the bone marrow 
Since ulceration of the skin is a late manifestation of canme Eala Azar, it is 
very pobable that the experimental animal had an infection of L tropm. 
From May 10,1930, to about June 10,1930, the room contamed a dog naturally 
infaoted with visceral and outaueous Leishmaniasis Subsequently, two other 
dogs with mixed infections of visoeral and cutaneous Leishmaniasis were 
mtroduoed mto the room Smoe neither P papakmi nor P aergmH are 
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oattifin oi vuoetal LeiafamEiuaBiB, we auume that tba wp i wiM i mt iJaiuaMJwa* 
mieoted by a sandfly, P. papaUun or mcae {nobsUy P tergmitt, wJutfli was 
cumber nstoially mlsoted before being intzodnoed into tiw nom or had mlscted 
itsell during the coarse of the ezpemnent by feeding an am of the doga with 
a natural akin lesion. The above ezpenment is therefore not relevant to the 
problem of tiansmission of canine Kala Aaar, but ixMifimis tihe previous evkUnce 
that sandflies transmit cutaneous Leuhmaniasia 


Infectum of Sandflies 

Dog No. 1 —^Between September 14, 1931, and November 2, 1931 Four 
hundred and twenty-four females oi P permetosus were fed on dog No 1, and 
265, «.e., 62*6 per cent., became infected with Leuhmanta In the later 
experiments the infection rate rose occasionally up to 90 pet cent 

Dog No. 2 .—^Between September 28,1931, and September 30,1931 Twenty- 
six females of P pemtoumu fed on dog No 2, of which 17, » c, 66'4 per omt, 
became infected 

Dog No 3 —Between October 10,1931, and October 20,1931. Thuty^oor 
females of P. pemunostts fed on dog No. 8. Of these 11, » e, 32 per cent., 
became infected. 

Six sandflies, P papatam, fed on dog No 1 were negative fra Lsosksoama 

Tlie infections persisted throughout the whole life of the sandflies. The 
above infection rates ore much higher than that found by Parrot, Donatien. 
and Lestocquard m June, 1930 (8 per cent.) 

The behaviour of the flagellates m the infected sandflies will be ducussed 
m another paper 

Tnurteen fleas, Ctemoopkdus ooiiw, from dog No. 2,15 from dog No. 8^ and 
12 flmm dog No. 1, taken at a tune when the infection rates m P. pmtieioom 
fed on these animals were 65*4 per cent., 32 per cent., and 62*6 per eoajk. 
leqieotively, were all negative m spite of the fact that the dog flea feeds mtuh 
mote frequently than P perruoiosus and therefore has a better i^ipratanify ot 
ingestuig LJ). bodies from the skm This observatum oonfiims the already 
abundant evidence that a dog flea is m no way oonoemed with the transmiaainn 
of canine Eala Arar. (One flea was found to contain attached and free odndM 
of Zoptenumt cfenocephoh in hmdgut and rectum. Theee flogtSotea ate 
readily diBtinguisbad from Leuimoim by thnr mo^hology and diotnlmtioiu) 
Sbar wiki Skgoatga fueiata which fed on dog No. 1 and 30 kbooaitaiy huA 
onas vduoh fed on a heavdy infected OMhtfinceaViiagative. Thfemmdlii 
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to 1>e ei^eoted, lot the mtestixul tnujt of S./a0oiakiimut^ccmtm^nunaw 
haatea^ 

Twelve nympbe of Shtpteepktlus tatigmnetu vluch fed am dog Bo. 2 wen 
dumeoted after an interval of 6 to 14 daya and vrere found to be negative by 
micioscopio examination. 

Tbe ngnificanoe of tbe above observationB for the tranamiwnon of oanme 
viBoeral LeishmamaBis is obvious A cmundeiable percemtage of sandflies, 
P. permctoaua, which feed on naturally infected and in some cases apparently 
healthy dogs become infected by ingesting skm juices. The visceral infeetums 
m the dogs exammed were too slight to cause an mvasion of the blood stream 
of sufficient intensity to induce an infection rate m P. femunosua approaching 
that found in our experiments In infantile Kala Azar the infection of the 
spleen is far heavier than that found m naturally infected dogs, but the infection 
rate in P •pemvcaosm fed on human cases u negligible as compared to that 
dbtamed by feeding on dogs Working with selected cases of infantile Kala 
Azat in Catania on infection rate of 6 25 pet c^t was obtamed m P pem»- 
ciogus. In Malta, out of 113 P permoumu fed on two cases of infantile Kala 
Azar, none became infected. 

A very shght skin infection is sufficient to produce a considerable infection 
rate m smidflies. The mfectivity of the Maltese canme stram of Lashmanut 
for P pemtaoaus is for greater than that of L troptoa for P. seipent* or 
P. pajMtostt When the mfection rate m P pemuwmt fed on dog No. 1 was 
about 90 per cent, the number of potssites m the skm was fat less than m cases 
of Oriental sore, which gave a 60 per cent infection rate m P urgenh and a 
IS per cent infection rate in P papatatt* (1929) 

It is evident that the pathology of canine Kala Azar is very different from 
that (ff infantile Kala Azar The visceral infection m dogs is less mtense than 
that of human bemgs, although the changes in the spleen, hver, glands and bone 
marrow are of the same type m both species Skm infection is absent or 
negli^le m human Mediterranean Kala Azat os proved by the most ddicate 
test for L. tnfaiftum m the skm, t e , feeding experiments with P pemteiotm 
Thu difference m pathology does not imply that the human and dog attains 
ate different, for the human strain also produces skm infections m Choefulus 
gnavut, Onoetut aurtUUB, Mtorottu gumthen and CitiUua eUaPm The degree 
of skin infection vanes even m closely rdated species, being most madmd m 
Onorfufos grwew and least m CWosfus ouratos. InC!noe(idiMgriNwthe skin 
Mfoetion w eetabU(dud from 2 to 8 weeks after the vuoecal mfoofoom haa hscoBw 
intense, while in the dog the skin infoctian is p rsee nt even irfwn the lisceial 
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infection is very shglit. There is no selective infiltration round the hair 
follicles in C grtseus 

It IS important to note that external skm changes have never been observed 
m dogs infected m the laboratory either with a human or a dog stram Yakimoff 
(1916), nrfio described the external skin changes m infected dogs both m Tunis 
and Turkestan, inoculated four healthy dogs with the spleen pulp of naturally 
infected dogs The animals acquired visceral Leishmaniasis but the skm was 
nonnal Donatien and Lestocquard (1929), in a comprehensive review of 
canme Kala Azar, also remark that the conditions found m naturally infected 
animals have not been produced m experimental ones This discrepancy may 
be due to the fact that all the recorded experimental infections of dogs have 
been produced either by mtraperitoneal or mtrahepatio moculations, while m 
nature d<^ are infected via the skin It is obvious that experimental Kala 
Azar m dogs must be studied de novo 

There are still important gaps m our knowledge of natural canme Kala 
Azar Canme Kala Azar is a seasonal disease which shows no important 
annual fluctuations From a study of the literature it is evident that new 
cases m considerable numbers appear towards the end of March and m April, 
% e , about the same time that the incidence of mfantile Kala Azar is at its 
height and almost 2 months before the commencement of the sandfly season 
After September the mcidenc.e falls rapidly By the end of November most 
of the mfected animals have either died ofi or have been cured spontaneously 
On the basis of the theory of transmission by sandflies the mcubation period 
m the animals found infected in March and April is no less than 6 to 6 months, 
for P pemtcnoaus is very rare after the end of October From the pomt of 
view of transmission by P pemmotw from dogs to man or other dogs, only the 
skin infection is important At present there ate no data to indicate at what 
stage of the sandfly season the skm condition m naturally mfected dogs is 
sufficiently advanced to induce on appreciable infection rate in P permciosw 
Until this pomt is settled the study of the epidemiology of canme EAla Azar 
cannot be completed, but even m the present elementary state of knowledge 
it IB clear that from the middle of September to the end of October many sand¬ 
flies P. pemmoaus acquire infections with ZeisftfNanta from the skm of naturally 
infected dogs 

Smmofg. 

Eleven out of 100 d<^ examined in Malta between June and November 
were found to be naturally infected with Sola Ajnr. 
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Sebonhea and partial depilatum are the most frequent signs of canine Kala 
Aaar and were found m 9 out of 11 cases 
The skm condition is due to infiltration of macrophages round hair follicles 
Infected macrophages are found throughout all parts of the skm both m the 
areas of infiltration round the hair follicles and m normal dermis 
Skin mfection may be present m dogs with a slight visceral mfection 
Histologically the skm mfection can be readily differentiated from that 
produced by L tropica 

Sandflies, P pemunostis, were infected with Letshmama by feeding on the 
unbroken skm of three dogs The mfection rates were 62*5 per cent, 65 4 
per cent, and 32 per cent respectively 
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EXPLANATION OF PLATES. 

Ptan 10. 

1-8.—Vknous stages of skin infeotkm of eaidne Kala Asar. 

Vzk, 1.—SUuof dogNo. 8. Infllttation round a hair foUiole. The dsnnis is nomsL 
(Mlagn. 180 x.) Inleation rate in JP, p€mkio9u$, 32 per oeat, 

2 a 2 
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Fio. 2 --Sldn of dog No 2 Several bair foUidea axe auxrouaded by mflltantioiia of 
maorophagOB* Tbe intervening dermis is normal, (Magnu 80 x ) Infection 
rate m P. pemtetom, 06 4 per cent. 

Fio 3 —Skm of dog No 1 Infiltration round hair foUiolea and sebaoeons glands 
Small areas of infiltration in dermis (Magn. 80 X ) Infection rate in P. 
pemicMWiM at time skm was taken for section, 00 per cent 

FLA.TB 20 

Fio 1 "-Infected macrophages round a sebaceous gland (Magn 820 X ) 

Fro 2 ^Infected macrophages in the neighbourhood of a hair folhole (Magn 820 X ) 
Flo 3 ^Infected macrophages m the normal dermis (Magn 820 X ) 

Fio 4.—Smgle large infected macrophage in normal dermis (Magn 820 X.) Note 
absence of tissue reaction in figs 3-4 


6x2 833 612 748 089 87 

Myotaitc Reflexes in Sympathectonnsed Musde. 

By Gilbert Phillips, M B., B S , M Sc., lastou Wilsoa Fellow (Uiuv Sydney), 
Fellow of the Bockefdiler Foundation. 

(Communicated by Sir Chailee Shenmgton, F B S —Beceived January 21,1932) 
(From the Phynologtoal Laboiatoiy, Oxford) 

[PUTBS 21-^] 

Introductton 

As a result of their experiments on normal, spnal and decerebrate animals 
Hunter and Boyle (1924) concluded that the post-gangkomo fibres of the 
sympathetic nervous system constituted the efferent limb of the reflex aio 
subserving postural contraction m skeletal musde In a recent article (1981) 
the present author desonbed a senes of experiments on decerebrate oate m 
which Boyle’s observation of diminished resistanoe to passive flexion m a 
sympathectonnsed '‘decerebrate" extensor musde wae confirmed, but the 
bypotbesiB that this was due to a " tonic ” nervous mfluenoe of qmpathetio 
axones on skeletal muscle fibres was denied Thu denial was based on the 
fact that postural oontiaction was modified but not abolished by eympathecfeomy, 
and that the operation actually enhanced sndi piopnooeptive zeflaxes as the 
shortening reaction and the crossed extensor reflex of Fhibppeon (1905) 
Finally it was suggested that the dimmuhed reeutanoe of the extended " de¬ 
cerebrate ’ ’ bmb to passive fiexicm and the enhaneenunt of those piopnooepttve 
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zeflexes which could be ehcited by stretching the sympathectomised maade 
were produced by a distuxbance of the excitability of its propnoceptive end- 
organs 

Denny-Brown (1928), after studying postural reflexes, has stated that the 
sympathetic nervous system is not essential to the stretch reflex, but he farther 
stated that he was unable to discover any effect on general posture by excision 
of the sympathetic 

The present author has now repeated his own previous work and has exammed 
the myotatic reflexes of smglo sympathectomised muscles by means of Sher- 
nngton’s isometnc myograph and fall-table 
The naked eye observation of single muscles dunng the diaseclion of 
the limbs of decerebrate cats has thrown further hght on the difference m the 
behaviour of the normal and the sympathectomised muscle Stretchmg the 
tendon of a decerebrate ” soleus muscle, withm 1 or 2 hours after removal of 
its sjrmpathetic innervation, produces a strong postural contraction which 
closely resembles the response ehcited by the same stimulus from the normal 
muscle If the stretchmg force be moderate the contraction appears to be 
equally well mamtamed m both muscles, if, however, the apphed tension 
be mcreased, the resistance of the sympathectomised muscle yields first, and 
the whole muscle extends under the influence of the lengthening reaction 
This habihty to undergo reflex longthenmg is mcreased as the mterval of 
tune following sympathectomy mcreases up to a penod of at least 3 weeks 
In the “ chronically sympathectomised ” muscle (from 10 to 80 days following 
operation) the gradual application of tension appears to produce a series of 
** fractional ” lengthening reactions, m which shght early resistance and partial 
relaxation follow one another m rotation, until considerable tension is developed 
by passive stretch of the muscle elements. If the mustle is stretched sharply, 
the response is not unlike that of a flexor muscle , there is at first a strong 
" pluck ” reflex, followed by a lengthening reaction, and at this new length the 
muscle may exhibit a weak postural contraction 
Sympathectomised muscle displays a marked tendency to exhibit dome 
movements, both m acute and chronic preparations Clonus, usually a 
pronunent feature of mtercollicular decerebrate preparations manifestmg good 
ngidity, 18 profoundly influenced by tome vestibular and neck reflexes, so that 
for comparative purposes a symmetrical disposition of the animal is essential. 
Under such oonditions, one may say that the sympathectonused muscle is 
always, as it were, on the verge of substituting ebnus for postural contraction 
Any unevanuess m the rate of stretch is sufficient to brmg about rapid olonio 
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moTements, of very dight tensioii, m the sympstheotomiflad muade The 
chief “ dimcal ” diffeiences to be observed) between clonus on the nomud 
and sympathectomiBod sides, are that, m the latter, the rate appears to be more 
rapid and the clonic movements occur over a wider range of tension. In the 
normal muscle, clonus, which occurs over an optimal range of tension, may be 
arrested by the application of further stretch to the tendon In the sympathec^ 
tomised muscle such further stretch may arrest clonus for several beats, durmg 
which time the muscle may be felt to lengthen, with the subsequent resumption 
of clonus at this new length The profound influence of the tome neck and 
vestibular reflexes, m producing a subliminal excitatory state at the central 
motoneurone pool, is well demonstrated when, with the head and neck in the 
“ maximal ’’ position, the freely dissected sympathedomised muscle, lying 
slack on its surrounding muscular bed, may be seen to be m clonus Such 
atonic clonic movements, which have not been observed m the normal muscle, 
can only be produced by the centripetal excitation, resultant on sympathectomy 
oomcidmg with the subhininal excitatory state already existent m the moto¬ 
neurone pool That this is so is shown by cessation of clonus where the head 
and neck are moved to a less maxiirml position 

Further evidence, of peripheral excitation summing with a sublimmal central 
excitatory state, has been seen in several decerebrate cats m which rigidity 
was not marked When these animals were disposed symmetncally with the 
head and neck m the maximal ’’ position the sympathectomised limb might 
be seen to exhibit a partially extended attitude while the normal limb remained 
flexed This asymmetry, which has been noted before (Phillips, 1931), 
depends upon a stronger postural contraction m sympathectomised muscles, 
produced almost certainly by mcreased proprioceptive excitation; it being 
assumed that a constant mequahty m vestibular or cutaneous influence is most 
unlikely over a senes of animals 

From dmioal evidence it may be said that sympathectomised muscle retams 
m great degree its power to respond to a stretching force by contracting, loses 
m great degree its abihty to mamtam a postural contraction, and m place of 
the latter displays a tendency to replace tonus by clonus The subsequent 
myogiapbic analysis substantiates and amplifies this summary statement. 

retAmftie. 

A double mirror type myograph as described by Shmington (1928) and 
Bedes and Shemngton (1929) has been used m tn^king suntdtaneoos ceoofds 
insn two corresponding maHeles. The twin totsion wires el this myogn^ 
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w«re either 94/1000 or 64/1000 moh m diameter. The former pair were used 
for AM-mming Btietoh refleseft, the latter for mueole jerka and reootde of gIohub. 
Both pain of wires were calibrated and proved to record equal defleotiona for 
equal loads. A modification was made m the original design of the myograph, 
a third minor being attached just below and between the twin torsion wire 
mirrors This could be rotated mto a suitable position before attaching the 
muscles to the myograph and then fixed by a small bmdmg screw so that it 
recorded a base Ime of zero tension to both torsion wires An optical recording 
system was used, m which the image of an illuminated slit was reflected by the 
three myograph mirrors on to a iallmg plate camera.. 

Graded stretch stimulation was provided by means of a Sherrington pattern 
faU-table (1924) 

The sympathetic chains have been removed from 35 cats through a midiuie 
incision m the anterior abdominal wall, the whole extent of each chain being 
excised from the crus of the diaphragm above, down to and mcludmg the second 
sacral ganglion below In 25 animals the left chain was removed, m 8 the 
nght cham, and in 2 cats both chains were excised Twelve of these cats were 
decerebrated and exammed immediately after the sympathectomy, while 
23 were allowed to recover from the operation and were decerebrated and 
exammed from 10 to 80 days later In the cat the midlme operation offers 
the best approach to the abdominal sympathetic chains, smeo it permits a 
clear view of both of them One cham may be removed en bloc by careful 
blunt dissection without disturbing the relations of its fellow of the opposite 
side. Post-mortem examination always confirmed the mtegrity of the un¬ 
disturbed chain on the control side Protected by the sheath of extraporitoneal 
fat m which it lies, it was never seen to be involved m the peritoneal thickening 
and mild fibrosis succeeding the operation 

The soleus muaoies of decerebrate cats have been shown to be the neat of a strong stretch 
reflex (Denny-Brown, 192S), their fibres are relatively parallel and their almost linear 
origm permits a widespread separation of the muscle belly from the surrounding soft 
tissues. By vurtuo of those qualities they were selected as presentmg a suitable bilateral 
preparatiem for the comparative study of postural refloxos m homologous musolea They 
were prspared for the myograph by free dissection of the muscular bellies from the sur- 
roundiiig soft ti—n es At the site of their uueitionB a small piece of bone was obliged 
off the oakaneam and Udt attached to the tendon. All other muscles in both hind limbs 
were paralysed 1;^ motor n«rve section, and the cutaneous nerves were divided according 
to the technique described by Shemngton (1909) The decerebrate animal was {daoed 
prone on the faU-table with the trunk directed at right angles away lErom the myograph 
and supported on each side by worm bottles The head was extmided and maintained 
onot in the nddline ly etteofaing to an upri^ stand a loop of the lUk need lor sutunog 
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the Hoatp wound The fore lunhs were extended side by side on the table suifooe The 
hind limbs were fixed to the fall-table in the same vertical plane by means of drills inserted 
transversely through the upper and lower ends of the tibue. With the otigina of the soleus 
mnsoles fixed in this maimer their respeotive tendons were attached to the honzonta] 
tension bars of the torsion wires by means of hooks of adjustable length. These hooks, 
oonstructed like small union screws, an insulating fibre oylmder forming the union, per¬ 
mitted a separate adjustment of the length or tension m each muscle When the table 
was allowed to fall through a known distance the two soleus muscles bnking it to the ngid 
myograph were submitted to the same stretohing foroe 

The eleotrio responses wore led away from each muscle by silver ohloride-ooated electrodes 
to a doable string galvanometer Shadows of the two galvanometer stnngs were projected 
on to the sUt of the f allmg-plate camera The silver chloride electrodes were inserted in 
corresponding rt^gions of the two muscles approximately to the same depth and at the same 
distance apart The tension m the galvanometer strings was adjusted before each plate- 
teooid, so that a potential difierenoc of 1 millivolt produced a defieotion of 15 mm in each 
stnng 

Mtjotalfc Reflexes 

The quality of plasticity exhibited by “ decerebrate ” muscle demands a 
low mitial tension m makmg simultaneous comparative records of stretch 
reflexes in two muscles The term ** plasticity/’ ongmally applied by Sher¬ 
rington (1909), expresses the ability of the muscle to present the same tension 
at different lengths This quality, then, when two decerebrate ” muscles 
are submitted to the same tension, may result m unequal length, an asymmetry 
which cames m its trauL an unequal development of tension on the application 
of further stretch It is important therefore to ensure the same initial length 
m the two muscles before they are stretched This was accomplished as 
follows The two umon-sciew hooks were suspended on their respective 
tension bats and the three myograph mirrors rotated so that the beams of 
light reflected by them were focussed at one point on the camera sbt, this 
pomt being that of zero tension in both torsion wires The fall-table was then 
raised and each soleus tendon impaled on its hook, both muscles being quite 
slack The hooks were then shortened separately, taking up the slack in the 
muscles until the first minimal deviation of the mirror beams, away from the 
base Ime of zero, could be observed Under such conditions each musde was 
subjected to an initial tension of less than 6 grams, and, as can be seen in the 
records, the galvanometer strings were “ silent,” or exhibited activity m only 
one or less frequently two muscle fibre units, before the onset of the table 
Call, This bilateral minimal posture has been taken as the starting pomt for 
the oompanson of the responses of the normal and sympatheotonused muscles 
to stretdL 

Ocmtzol myograms in five animals, either with both sympathetic eludns 
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intact or both excised, have shown, in reocnds from both soleiis muscles, the 
simultaneous development of tension at the same rate with the achievement of 
approziinately the same final plateau tension, provided that the amount of 
stretch was small, the rate of stretch constant and the mitial tension low If 
these conditions were satisfied, the muscles under a stretch of 3 mm earned 
out at an even rate presented a strong m3rotatic reflex over 90 per cent, of which 
was constituted by active contraction If the amount of stretch was mcreased 
beyond 6 mm, the passive tension produced by stretch of muscle elemoits 
claimed a much larger percentage of the total tensum, fig 10, Plate 22 The 
electnc responses set up by the table fall in the soleus muscles of normal or 
bilaterally sympathectonused cats always appear withm 5 sigma of each other, 
figs 1 and 2, Plate 21 The latent penods of the myotatm reflexes m the muscles 
of bilaterally similar preparations can be said, therefore, to vary under the 
present technique by less than 5 sigma 

Myograms taken from decerebrate oats, m which the sympathetic cham has 
been removed on one side, display characteristic differences on the two sides, 
both m the mechamcal and the electrical records It is worthy of note that 
these differences were not due to asymmetrical deoerebration, smee they were 
constantly present m 36 animals Intercolhcular deoerebration by unilatend 
subtemporal craniotomy, the operation performed m each case, has been shown 
by post-mortem examination to penmt a macroscopioally symmetrical bram- 
stem section That the changes were not produced by cmtripetal impulses 
streaming in from skm wounds has been proved by dusting these with an 
ansesthetic powder 

The sympathectonused muscle attains for the same stretch a greater myotatio 
tension, fig 3 a, Plate 21, and its mechamcal record arises more sharply from the 
base Ime, fig 3, Plate 21 In an acutely sympathectonused muscle a final 
plateau of moderate tension is fairly well mamtamed m some cases This 
contrasts with the behaviour of chronically sympathectonused musde, which 
does not mamtam even a moderate plateau tension, the mechamcal record 
falling, m contrast with the normal side, to a lower level, fig. 6, Plate 22, (m 
the one hand, or, on the other, passmg mto clonus, fig. 8, Plate 22 In diiontc 
preparations the tension ascent from the base line follows a senes of hump-like 
omitractions, fig 5, contrastmg with the tolerably smooth ascent of the tmuion 
curve of the normal musele This uneven nse is due to synchronous con- 
traotion in aeveial mnsole fibre units, a form of activity which, as will be shown 
later, is r^eoted in the galvanometer record. 

The dectcie nqxmaes at once pomt to a much shorter latent period of the 
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Btietoh reflex on the sympatheotoimaed nde. In fig. 4, Plate 21, wlme, m tlie 
nuntmal posture dosonbed above, a single unit is firing in each stmig before the 
apjdication of stretch, the electric responses commenoe sinne 60 sigma earlier 
on the sympathectomised side after the onset of the taUe fall. This earlier 
response, also seen in fig 3 a, Plate 21, may be taken as an expression of the fact 
that the centripetal impulses fiowmg m from the two muscles produce a central 
excitatory state which hist becomes liminal in the motoneurone pool of the 
sympathectomised muscle This earlier achievement of centrifugal firing, 
under identical external conditions of peripheral stimulation, may be due 
either to the activity of more proprioceptive end organs, or to the enhanced 
activitv of the same number, or to both factors occumng together In normid 
muscle, both during the application of stretrh and during the mamtenanoe of 
postural contraction, unless it be of that slight order produced by the activity 
of but a few units, there is to be found a characteristic and complete asynchron- 
ism of firing (Fulton and Liddell, 1925), seen m the electrical record as a restless 
series of small deflections This asynchronism, produced by the apphcatum 
of stretch at an even rate, is responsible for the steady rise of the mechanical 
record In sympathectomised muscle, both during the appbcation of stretch 
at an even rate and following the achievement of the final plateau, there can 
be seen to be many short " silent periods ” m the activity of the galvanometer 
string They produce the uneven ascent m the mechanical record, where 
they may occur simultaneously with an increase m mechanical tension, the 
latter representing the after-action of the preceding contraction shown by 
the large compound action currents, fig 2, Plate 21 These “ silent periods 
therefore do not represent the lengthening reaction, although they must be 
due to the temporary predominance of prt^niooeptive inhibition, producing, 
m conflict with proprioceptive excitation, a transient cmitral inhibitoiy state 
in the motoneurone pool The descent of the jdateau tension, the contraction 
bemg isometric and associated with short penods of subliminal central excita* 
tien, IS explained by the fact that the falling tide of central mccitation at the 
onset of each “ silent period ” is no longer reinforoed by the nsmg tide of 
peripheral excitation, associated with uuaeasmg stretch during the table fall- 
These “ silent periods ” are no doubt the basis of the clinioal j^iencnnena in 
chronic sympathectomised musde which earlier in thu paper have been termed 
" fractional ” lengthening reactions They are present, but lees obnons, m 
acute sympathectomised muscle, fig 3 a, Plate 21 lhat the mfluenoe of 
sympathectomy has not been to bring {nopnooeptive mhilntion ahme into a 
pcspotent condition is shown both by ^ greatsr tcnsum achisved syn^n* 



419 


Myokthie B^exes in Byrnpe^heatomiaed Mtude. 

thectomued muscle durmg stretch and the duoaoteiB of the acti«m ourteota 

ptodaoed such contraotum 

The electno respouseB from sympatheotmiused muscle always mdade large 
compound waves diphasic m type which are not charactenstic accompamments 
of evenly applied stretch to normal muscle, fig 3 a, Plate 21 These waves are 
evidence of the synchronous or almost synchronous activity of several muscle 
fibre umts, that is of two or more cells of the motoneurone pool This is 
mterpreted as being due to the simultaneous activity of several proprioceptive 
end organs m their firing mto the motoneurone pool which is a parallel with 
the mechanism suggested to be responsible for the shorter latent penod of the 
stretch reflex in s3rmpathectomised muscle It is the simultaneous activity 
of several centnpetal afferents which is emphasised rather than the general 
mtensification of their individual activity 

Denny-Brown has demonstrated the profound mflnenoe of proprioceptive 
mhibition on the motoneurone pool not only of the excited muscle but also of 
other muscles (1928) 

The mtensity of such inhibition is largely conditioned by the extensity of 
synchronous firing m muscle fibre units In normal muscle with the galvano¬ 
meter stnng record as an mdex, proprioceptive inhibition achieves a maximum 
m the synchronous contraction type, the muscle jerk, where the length of the 
“ silent penod ” is proportional to the height of the jeric contraction and is 
seen to be at a mmimum m the completely asynduonous finng of steady 
mamtamed postural contraction Sympathectomised muscle is beheved to 
achieve an mtermediate position of incomplete synchronisation m rduoh 
asynchronous charaoteriatios such as steady posture are m great degree lost, 
while, as will be shown later, sjmehronous activity such as clonus and the 
muscle jerk are in great degree enhanced 

The thesis set down above to explain the hill of postural tension shown by the 
decline of the mechanical record following stretch suggests m the light of the 
alternating central excitation and mhibition manifested m the electno lesptmses 
from sympathectomised muscle that the rate of stretch may be a cntioal factor 
m deteimmmg the maximum tension achieved by the resultant myotatic 
contraction That such is not the case m normal musde may be seas from 
ijie original xeooids published by Ladd^ and Shemngton (1924) where a slow 
stistdh produced an even greater maximum tension than the same stretch 
earned out at a vny fast rate 

The teocids they publish, however, were produced by stretches of S ««««- 
with a xesultaat passive tension of mote than 85 par oeot. of the total. With 
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this factor ehxmnated it may be seen that the same stretch applied either 
slowly or rapidly to normal ** decerebrate muscle ehoits withm himts the 
same maximal tension On the other hand, this does not occur with sympa- 
theotomised muscle, which under the slow stretch fails to achieve as great a 
tensiou as under the fast, figs 12 and 13, Plate 23 There is therefore a critical 
rate of stretch at which the normal and sympathectomised muscle should 
achieve the same maximum tension, a rate which is very closely represented 
m fig 5, Plate 22 With rates faster than this the sympathectomised muscle 
contraction is greater than the normal myotatic contraction and with slower 
rates it is less 

All these foregoing observations are regarded as an expression of the alter¬ 
nating synchronous activity and “ silence m the galvanometer stnng record 
from the sympathectomised musile They are considered to be based upon 
the quantitative value of the rismg tide of penpheral excitation produced by 
graded rates of stretch occurrmg during the critical “ silent period ” m the 
stnng record If this excitation be small there is but slight reinforoement of 
the mechanical tension, if it be large the contraction is strongly reinforced 
The absence of such silent periods ** with complete asynchronouB firing m the 
normal muscle removes this factor determining the maximum tension to be 
achieved 

That there is little or no change m the activity of propnoceptive end organs 
of low threshold following sympathectomy is proved by examining the rate of 
fixmg of single muscle fibre units under minimal conditions of applied tension. 
It might be expected that if the excitability of low threshold receptors was 
mcreased by sympathectomy, the rate of firing of single muscle fibre umts 
would be faster m the 83rmpath6Gtonused muscle than m the normal when the 
same mmimal stretch was applied to both muscles To exanune this the 
decerebrate cat was attached and suspended m the prone position to a hon- 
xontal steel bar by means of vertebral clamps With the ammars body m a 
symmetrical position the freely dissected soleus muscles depended from their 
bony ongms alone The muscle electrodes were inserted as before and cone* 
spondmgly small weights were attached to each tendon When a 2 gram weight 
was suspended from each soleus it was found in many instances that a single 
unit was caused to fire in each muscle, fig 6, Plate 22 Both on the normal and 
sympatheotonused aides the rate of firing was found to correspond almost 
exactly and to vary from 9 to 11 per second. Such muumal stretch was seen 
therefore from the nature of the o^trifugal finng to produce identical streams 
d oentnpetai excitation from each muscle. If, however, the 2 grams were 
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Bubstitated on each side by a 10 gram weig^ a great difieraioe m tbe electne 
tesixniBeB was at once evident, fig. 7, Plate 22 The added stretch waa usnally 
only BufiSeient to bring bto action two or three more umts Owing to 
asynchionons fixing each unit was capable, by analysis, of isolation from its 
fellows On the sympatheotomised side, howevw, the same stunulus produced 
firing m too many umts to permit their number to be determined The 
string record was characterised by the {oesence of large compound waves, 
diphasic m type, alternating with periods of “ silence,” mdicating a state of 
partial synchronism bordering on clonus It seems justifiable to concinde 
from this latter observation, in the light of the local nature of stretch excitation, 
that a greater number of propnoceptive end organs were m simultaneous 
activity m the sympathectomised muscle and were producing an almost 
synchronous finng in several motor nerve cells The influence of sympa¬ 
thectomy was, therefore, to produce a greater concentration of tension receptor 
activity at low threshold by activatmg end organs, which m the normal musde 
could only be brought into play by the application of further stretch 

Musde Jerks and Clonus 

The soleus jerks have been compared by means of an electiomagnetically 
released myograph. This instrument, fig 1, for whose construction I am 



Xta 1.— Diagram of the eleotromagsctioalljr idesaed triple xouror myogra^ used for 

Moordiag aoleos jerka 

indebted to Mr O’Neill of this laboratory, oonsists essentially of the three 
mirror myogta^ outlmed above with torsion wires of 64/1000 inch diameter 
Small brass blocks are mounted on the ends of the horuontal tension ban of 
tin tocsion wires and through these blocks mm screws ate inserted with their 
points upward and their flat oiroulat heads downward. Mounted below the 
solid Inan base of the myograph, a stage piojeots carrying two amg^ pole 
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deotiDDUgneto, the soft uon ooie of eac^ of whioh ia ao placed tiiat it Hea 
unmediately below the oitoular head of one of the uwi aotiewB. When a ownent 
at a potential of 6 volts is passed in senee thfoof^ the two eleotramagneto the 
screws axe pulled down on to the soft non coxes, and with the magwfioation 
provided by the optical xecordug system a oonuderaUe de&eotum of the minor 
beams is produced at the slit of the camera. The height of each iion acrew ia 
then adjusted so that the extent of this deflection is the sane for the two beams 
At the instant of breakmg the circuit m the magnet eoils the soiews axe released 
from the mm cores and the unbalanced torque m the torsion wires pcodaoes an 
immediate retum of the mirror beams to and beyond the zero base line about 
which they vibrate with the natural period of the wires before coming to rest. 

This mstrument provides a means of applying the same instantaneous stretch 
to two muscles, thereby producing compaiable records of muscle jerks To 
examme these the decerebrate animal was arranged m the position described 
for the myotatic reflex with the two aoleus muscles attached to the myograph 
under identical conditions of mimmal stretch. The fall table was then lowered 
just enough to cause a 6 mm deflection of the toiuon-wire beams away from 
the zero base Ime at the camera slit As the screws of the electromagnetic 
release were so adjusted that on closing the ciremt equal deflections of at least 
40 mm were produced in each beam the two solous muscles were then subjected 
to identical conditions of minmal stretch posture On bieaking the cnonit 
both muscles were submitted to the same slight instantaneous stretch with 
the production of typical musde-jerks Oontiol observations using two 
normal " decerebrate ” muscles showed corresponding jerks m both, as judged 
by the amount of tension developed, the oharaoters of the action current, and 
the length of the “ silent penod ” Sympatheotomiaed muscle, however, always 
presented under these conditions a jedc of greater tension, accompanied by a 
larger action current wave and a longer “ admit penod ” than m the normal 
muscle, figs 8 and 11, Plate 22 Following the jak sympathectomised muaole 
often relapsed mto a condition of mcomjdete donus, fig 8, Plate 22 Bolens 
jerks produced by tapping the table with a rubber covered rod always elioiied 
a contraction of greater magnitude on the qrmpatheotomiaed side, fig 9, 
Plate22. To tibe isotomo nature of the contxaetioa and the weight (rf the log is 
due the probable eiqdanation of thefaduxe to detect a larger amplrtode of the 
knee jerk m the sympatheotomiaed limb when the deoexebcate animal is 
exammed dmicaUy. 

It has been found difficult to obtam bdatend rsoords of donio novaoMixte 
due ao doubt to interfetenoe in dw oomifeaidBig “ haUroentrae ’* of iha enid. 
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TIm lecMKda which have bcea obtained, however, ahow m aooordaiioe with 
the olnuoal observations made above that in sympatheotomiaed muacJe ohmua 
is tnoire prone to occur, occnts at a much fiuter rate and may be manifested 
at idl postural tensions of which the muscle la capable, it being femembeied 
that steady posture of other than moderate tenaion is not seen m aympa- 
thectomised muscle Vig 14, Plate 23, shows a record of bilateral clonus, in 
which the low tension and rapid clonic rate has produced a wavering mechanical 
record rather than a true dome record Prom the dectncal reoordB, however, 
it may be seen that while the normal muscle beats at a rate of 16 per second, 
with defimte synchronous action current waves alternating with penods of 
complete or almost complete string “ silenoe,’' the sympathectomised muscle 
on the other hand is beating so quickly that the rate is difficult to determme, 
the action current waves are very small and are so close together that the 
silent periods ” are almost abolished The rate of donus depends funda* 
mentally on the brevity of the “ silent periods ’* The concentration of 
receptors at low threshold provides a rapidly rising tide of penpheral excitation 
early m the onset of dome relaxation, detenmned by the central inhibitory 
state, which is itself produced by the precedmg synchronous firing It is 
believed that sympathectomy mfluenoes donus m this way m that the syn¬ 
chronous firmg of receptors at low threshold sets up a wave of oentnpetal 
impulses which abolishes the " silent penod ” immediately after its onset, 
and replaces it by a weak central excitatory state in a few cells of the moto- 
neurone pool. In this way there is produced centrally a rapid alternation of 
just aupra-liminal and just sub-limmal excitation which is manifested pen- 
phecally as a rapid donus of low tension 

Whenever the proprioceptive end organs of synqiatheotomised musde are 
used to excite contraction either m the musde itself or m other musdes tiw 
ebaraoten of such contraction, as judged by the galvanometer string record, 
ate those that have already been noted. Traction on the toidon of one solens 
sufficiently strong to produce a lengthening reaction m it exmtes conttaetkm 
in the oj^osite soleus This is a similar reflex^ that described by Fhilippson 
{1906) for the quadriceps femons A ccmttaotion of greater tension is jito- 
dneed in the reacting solens when the sympathectomised muscle is used to 
axdte It than when the normal musde IS employed, fig. 16, Plate 28 And yet 
it may be noted that sohms contraction ^oduced by faradic stunulatum of a 
eontralateral musde nerve is equal m both the normal and sympatiieetomised 
musdes. 

It is file indutim tfUm neeptor end orgam vn the rtfiet ore that piodnoes the 
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observed ohanges in contzaotion tension following sympatlieotoiinjr. In tlun 
Pbilippson type-reflex the nature of the oentn&gal excitation sampled I 7 
the reacting soleus may be observed m the galvanometer string record When 
the sympathectomised soleus is used as the exciting muscle the string record 
from the reaotmg muscle displays the characteristic large compound waves 
and short periods of “ strmg silence ” descnbed before With the normal 
soleus as the exciting muscle the string record displays completely asynchronous 
activity, with bttle or no sign of transient central inhibitory state, fig 16. 

This 18 regarded as evidence of (xmeentratvm of receptor activity at low 
threshold m sympathectomised muscle 

Dtmusvon 

It 18 felt that the analysis of changes of receptor threshold m sympathectomised 
muscle presents a formidable problem, but nevertheless it is believed that a 
satisfactory workmg hypothesis may be construct(>d bom the foregoing evidence 
It is at the same time important to state, m agreement with Denny-Brown, 
that there is no evidence that the sympathetic innervation to skeletal muscle 
plays any qualitative port m postural reactions, and that changes m ptopno- 
ceptive reflex action (Boyle, 1924) which have been thought to do so may be ex- 
plamed on a basis other than the sympathetic motor innervation of muscle fibres. 

A significant observation is the progressive change m reflex action following 
sympathectomy, the loss of steady postural contraction and the tendency to 
display clonic movements beconung most promment some weeks after the 
operation Without piedictmg the results of another mvestigation which la 
bemg prosecuted at the present time it may be said that there la some evidence 
pomtmg to a considerable change m the vascular pattern of ohnmio sympa- 
thectomised muscle 

Analysis of the lengthening reactions m normal and sympathectemusod 
muscle throws some light on the behaviour of propnoceptive end organs under 
graded threshold of stretch This reaction, originally described by Sherrington, 
is that “ meltmg *’ of resistance and passive extension of a “ decerebrate " 
muscle when an mcreasmg tension is apphed to its tendon 

It may be said to constitute the climcal basis tat the estimation of so-called 
" tonus ’’ m skeletal muscle, and, as has been stated above, is produced at a 
lower threshold of applied tension m sympatheotomiBed musde. It is a reflex 
aoticai in so far that it depends on the activity of end mgans, the stimulation 
of which produces centripetal impulses that lower ^ central excitatory state. 
That the lengtheiung reaction does not invdve the abditum of osntral excita- 
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tion with the conaeque&t production of a state of temporaiy central mhibitioii 
may be seen in fig 15» Plate 23. A silent penod ” in the galvanometer string 
record ib neither an index nor a characteristic accompaniment of the lengthen* 
tag reaction Both m normal and m sympathectomised muscle string activity 
IS a constant concomitant of the lengtheumg reaction It ib early ui the 
application of tension that a difference is to bo noted in the electric responses 
from normal and sympathectomised muscle In the normal muscle complete 
asynchronous activity of the string record is seen throughout the application 
of tension both at low and at high tlireshold Tins is a < haracteristic feature 
of myotatic contraction in normal muscle subjeitc^d to evenly increased stretch 
unless the rate of stretch is sufficiently great to elicit a musde ]eik In 
sympathectomised muscle this asynchronous activity m seen only at hig h 
threshold of appluMl tension, fig 15, Plate 23 At low threshold, on the other 
liand, there is to be seen the combination of large compoimd waves and short 

silent periods " which have already been taken as evidence of mcompletely 
synchronised firing in two or more muscle hhrv units This is no doubt due 
to the simultaneous activity of low threshold receptors lu their firing mto the 
motoneurone pool The asynchronous activity of normal muscle suggests 
the presence in it of a grouj) of stretch-excitor end organs which are evenly 
distnbuted over a stimulation threshold gradient The low threshold receptors 
are so excitable that they respond to nunimai amounts of stretch although 
they produce firing at the slow rate of 9 to 11 per second It has been observed 
that m sympathectomised muscle these low thieshold receptors still produce 
hnng at the same rate, fig 6, Plate 22, but that at a slightly higher threshold 
a group of receptors are brought mto activity together 

On such evidence it is submitted that sympathectomy has produced a dis¬ 
turbance of the even distribution of stretch-excitor end organs over a threshold 
gradient m such a way as to produce, by increasing the excitability of a number 
of receptors to the same or almost the same level, a concentration at low 
threshold of end organs havmg the same or almost the same excitability, 
Such an hypothesis, which it is attempted to represent diagranunatioally m 
fig 2, serves to explam all the changes m piopnooeptive reflex activity which 
have been described to follow the removal of the sympathetic innervation. 

Candudtf^ Remarks 

The changes in postural reflex activity following the removal of the 
sympaihe^ innervation to skeletal muscle m both nonnal and pathological 
states may Aow be conaidered bnefiy. 
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Tn the normal animal no change m posture and proprioceptive reflex activity 
IS seen The loss of mamienanoe of postural contraction which has been shown 
to be present in chronu ay mpathoctonused muscle is in the normal animal most 
probably compeoBated hy the striking of a new balance m the fractions of the 



Fio 2 —A x B — normal threshold gradient of receptors ezoitiiig myotatio ooutrsiotian 
m BoleiiR muscle A X Y >= threshold gradient fallowing sympathectomy A 
Htretch “ OS ” which m normal muscle activates “ OM ” exciting rocepton, aotivstes 
“ ON ” such receptors all at low threshold in sympatheotomised mnsde 

body weight supported by the myotatic contraction in the extensor nuiBcles 
of the limbs of opposite sides The difference m the amjditttde of the knee 
jerks IB masked by the isotonic nature of the oontraction and particularly 
in large animals by the inertia of the limb. In the normal animal with 
intact extero- and propriooepton, which, during exammation of the animal, 
contribute an irrc'gular stream of oonflioting oentnpotal impulses to the 
motouonrone pool, a rapidly altematmg state of just suioaliminal and just 
subliminal excitation, ehown to be oharaotenstio of clonus m sympatheotomised 
muscle, IB prevented 

It will be remembered that the cluucal changes following syn^theotomy, 
described by the author, have been observed after mteroollioular decerebration 
By thus removing supracolhoulai mhibitiou and by the ^mmetooal disposition 
of the animal during its exammation an attempt has been made to prodnoe m 
the motoneuione pools of the extensor musdes a relatively constant sub* 
limmal excitatory state. Such a condition has ponutted the deteotioQ of slif^t 
ooastant differences m the quantitative value of oeotnpetal streams pn>- 
priooeptive impulses 

It IB believed that in man also, in pathok^pcal states ptoduomg a complete 
or partial removal of suptacoihoular mhtbitioin and assodated with an hilaot 
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vestibulo-Bpinal mechanism, slight constant changes m posttiiai activity may 
be detected foUowmg sympathectomy On the basis of the hypothesis sug¬ 
gested above, one may expect an earber disappearance of extensor spasm in 
the sympathectomised limb when it is forcibly flexed, due to the earlier onset 
of the lengthening reaction No change lu the amplitude of the spastic knee 
jerk would be anticipated, but following sympathectomy one would expect the 
spastic limb to fall into partial flexion foUowmg the phasic response of the knee 
jerk and not to remain m the partially extended attitude characteristic of it 
before the operation Such a fall is due to the production of the leugthenmg 
reaction in the spastic sympathectomised extensor by the kmetic stretch 
applied to it by the weight of the heavy leg fallmg immediately after the 
upward fling of the knee jerk For the reasons given before dome movements 
would not be expected to be any more conspicuous after sympathectomy than 
before it 

In conclusion it is suggested that the term “ tonus,” whose meaning has 
become so gross, should not be used and that the results of the clinical examina¬ 
tion of resistance m spastic extensor musdes should bo stated m terms of that 
propnocoptive reflex, the lengthening reaction 


Summary 

Changes m the proprioceptive reflex activity of skeletal musde follow the 
removal of its sympathetic innervation These changes are progressive 
and are most promment some weeks after operation 

The myotatio tension produced m sympathectomised musde by kmetic 
stretch may be modified by varying the rate of appbcation of stretch, there 
being a critical rate at which the same amount of stretch ehcits the same 
myotatio tension in both normal and sympathectomised musde, at rates 
greater than this the sympathectomised musde attams the greater tension 
and face cerea 

Under static stretch chronic sympathectomised musde is unable to nuuntam 
a postural contiaotion of other than low tension. 

Chiomo sympathectomised muscle displays a marked tendency to exhibit 
rapid dome movements of low tension at aU grades of postural tension of 
which It IB capable 

The musde jerk following sympathectomy displays a greater mechanical 
tension, a larger action current wave and a longer silent period*” 

It is submitted that these dianges may be explained by a conoentratum at 
low thzeshdd of the activity of those proprioceptive end organs which excite 
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xnyotatiG contiaction Such an hypothesiB differs considerably from the view 
expressed in a previous pubhcation (Philhps, 19S1) in that it is now 
believed that propnoceptive inhibition is conditioned by the nature of the 
(^entnfugal finng rather than by the amount of applied stretch 
Finally it is concluded that m postural contraction sympathetic axones have 
no direct efferent influent e on skeletal muscle fibres and that the progtossively 
cumulative changes which succeed sympathectomy depend on some trophic 
alteration modifying the responses of proprioceptive end organs 
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DESCRIPTION OF PLATES 

All figures road from left to right except figs 10 and 16, wbiohreadin the reverse direction, 
IlnlosBotheraise stated, time is indicated by a tuning forit vibrating at lOBd.v. per ■eoond. 
The myograph records apjiear as brif^it Imes, the central hne when present indioatiiig 
the base Ime of zero tension XeiuaoD in the tension wires is indioated by deflectiou of the 
ndnor beams away from the base line 
The table fall is indioated by a desoeadiiig Uaek hue at the top of the figure 
All measurements were made ftom the original ptates. 
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Plats 21 

Fia 1 —^Bilatersl soieua preparation , sympathetic innervation intaot on both udea, 
amgle muaole fibre unit finng in each soleus before onset of atietoh, both firing at 
rate of 10 per second, table fall 3 mm in 0 25 second Note tension ascent in 
smooth and at same rate on both sidi« with attainment of approsnnately the same 
final plateau tensions The electnc responses commence 5 sigma late on left side 
(below ), they ate completely asynchronous on both sides and of the same order of 
magmtude 

Ito 2 —Bilateral soleus preparation Both sympathetica excised, both strings ** silent * 
before table fall of 3 mm m 0 28 seeond Note unsteady nse at same rate on both 
sides to same maximum tension with subsequent fall of both plateau Unsions 
(Sympathectomy 02 days previously), tension scale as in fig 1 Tlie eleotno responses 
commence 4 sigma late on 1 he left aide (below) Note short silent periodslu both 
strings 

Fzo 3 —Bilateral soleus preparation , normal soleus records on the same side as the time 
marker which is a 10 d v per second fork Left soleus sympatheoiomised 52 da>N 
previously, table fall 4 mm tn 0 2 second, tension scale as in fig 10 

Fia 3a —^Bilateral preparation , faulty fixation of base lino mirror which is deflected 2 mm 
toward normal side, normal soleus records on same side as the fall indicator • acuti 
left sympathectomy 3 hours previously , table fall3 mm in 0 2 second EleotriL 
responses commence 4fi sigma late on normal side Note greater maximum tension 
on sympatheotoroised side only moderately well mamtaiued Note short silent 
periods ’* in sympathectoimsed muscle dnnng application of stretch 

Fio 4 -^Bilateral preparation, normal soleus records on same side as the fall indicator, 
acute left sympathectomy 2 hours previously, table fall - 2 mm m 0 12 second 
Electnc responses appear 50 sigma late on normal side* 

Platk 22 

Fio 5 —Bilateral preparation , nght soleus, sympatheotomised 25 days ineviousl>, 
records on the same side as the fall indicator, table fall — 3 mm in 0 20 seooncL 

Fm 0.—Bilateral preparation , left soleus (lower stnng record) sympatheotomised 15 days 
previously , single muscle fibre unit fires in each muscle at rate of 11 per second under 
the stretch provided by 2 gm weight suspended from each tendon 

Fig 7-—Same preparation as in fig 6, record of firing set up by replacing 2 gm weights 
witii 10 gm on each tendon 

Fto 8 —^Bilateral preparation, soleus jerks elicited by eleotromagnetically released myo« 
graph • nght soleus (recording above) sympatheotomised 23 days previously, ** ailrat 
periods**—onnormalsideO 12 second, on operated side 0 ISseoond Note incomplete 
okmus following jerk ui the sympatheotomised miucle 

Fio 8 —Bilateral preparaticm, soleus jerks produced by lightly tapping the fall table with 
a rubber-covered brass rod Sympatheotomised soleus records on same ndo as the 
tuning lode, two jerks shown were elicited by tappmg the table at widely separated 
points, tensioa scale as in fig 8 

¥m UX—Bingle sbletu preparation, highest record produced by a table fall of 4 mm in 
0 2 second. Lowest record indicates passive tension developed by the same fall at 
thesamerateaftfirseotioiiof the motor nerve (8 |>er cent, of the total), intermediate 
record liliows passive tension developed by same paralysed soleus if the stretch be 
inereMsd to 7 mm at the sune rate <30 per cent, of the total) 
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Kxo 11 —Bilaloral pre{Miiation, soleua }etkB elicited by eleotrooMgiietloaUy releMed 
myograph; ngbt Boleus, leoording above» eympatheotoiiiieed 28 dayi preTiondy, 
“ silent penods ’’--oil nonnal side 0 07 Hooond, on operated side 0 12 second Tension 
scale asm fig 8 


Plath 23 

Fia 12—Bilateral preparation, right soletiB, recording above, synipathoctoinised 26 
days previously, table fall equals 3 nun in 1 3 seconds Note the greater tension 
developed by the normal soleus 

Vta* 13 —Same preparation as in hg 12 , same amount of stretob at a faster rate, 8 mm 
in 0 10 second Note the greater tension developed by the sympatheotomised 
soleus 

!Fig 14 —Bilateral records of clonus , sympatbectumised muscle records above, rate on 
normal side 16 per second Vast rate on sympatheotomised side approximately 60 
to 00 per second. Time as m hg 11. 

Vio 15a —Clinical lengthening reaction produced in sympatheotomised muscle by a 
gradually increasing tension applied to the tendon (solettB operated 28 days previously); 
fall of signal indicates onset of lengthening reaction 

Via. 16b —Lcngthemng reaction elicited in a normal soleus by the same method These 
two records were made successively and are not comparable m pomt of tune 

Via 10 —^Philippson type refiez (soleus exmting—soleus reacting) Contraction of 
sympatheotomised soleus recorded below, tension scale as in fig 12. 

Fio 17 —Control myogram of soleus jerk elicited m nonnal bilateral preparation by 
eleotromagnetioally released myograph. Taken at a relatively high imtial tenaon and 
displaying the maximum observed disparity of 0 019 m^ond in the silent penods 
of two normal soleus muscles 
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Carbohydrate Metabolmn m Birds. The elite of the Btochemicai 
Lesion in Aman Polynewntis. 

By N Gavbilescu,* A F Meiklejohn,! R Pabsmose,]: and R A Pbtkbk 
(Communicated by Sir Charles Sherrington, F R S —Received February 18,193*2 ) 
(From the Dopartmotii of BioohonuBtry, Oxford ) 

Recent work haa defined a lowered power of oxygen uptake m tertam parts 
of the pigeon*R brain m glucoMc-phosphate Ringer (Qavrilescu and Petere, 
1931) The partial restoration of oxygen uptake which takes place upon 
addition of small amounts of vitamm concentratCB, excluded lowered 
BubatiTates alone as the cause of the effect This could have been excluded 
upon other grounds, as several observers (Ixiebol, 1925 , Meyerhof and Loh- 
iDonn, 1926) have shown that lactate will prolong the oxygen uptake of brain 
tissue, and it is known that the avitammous brain has more lactate than the 
normal Since therefore the abnormality is concerned with the enzyme 
systems, it remains to be shown whether the effect is general, as would be 
expected from much of the previouis literature upon the subject (see references 
m previous papers), or whether it is confined to an enzyme^ system for special 
substrates In the latter case the vitamm would be <omenied with one 
substrate and hence one phase of metabolism , m the former it would perhaps 
form part of the respiratory enzyme Bysteni (Warburg, 1928, Eeiliu, 1929) 
Holmes (1930) and Krebs (1931) have given reasons for the licbef that glucose 
oxidation m bram proceeds via lactic acid, as the metabolism is disconnected 
between the glucose-lactate stages m presence of fluoride or lodoacetic acid. 
A lesion affecting the mtermodiary metabolism of carbohydrate might be 
confined to glucose and lactate and not found with sucemate (Quastel and 
Wheatley, 1981) Smee the matter seemed crucial, we have compared the 
oxygen uptakes of normal and avitaminous brains in the presence of these 
three substrates, succinate bemg regarded as typical of another system Bmce 
cyanide inhibits the uptake of oxygon for all three substrates, any difference 
m their behaviour in avitaminosis mdicates that the vitamm acts speoififially 

* Bookefeller TraveUmg Fellow, 
t Senior Demy, Magdalen OoUego, 
t Senior Hulme Soholar, Brasenose OoUege 
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aud not upon the indophenol oxidase Our results show that a tissue may 
behave normally to sucomate and yet abnormally to lactate, and are ttmelore 
consistent with the view tliat vitamin deficiency is connected essentially 
with the mtermedinry metaliolism of carbohydrate 

Meihods 

Oxygen uptakes have been measured as in previous experiments upon 
pigeon's brain finel> minced uith bone spatulas By organising the work it 
has proved possible to set up as many as 18 apparatus (Barcroft-Dixon type) 
with the necessary weighmga, etc , in 40-50 mmutes from death of birds, 
thereb} reducing as far as possible the lime for which the tissue stands befoK 
observation There is no indication that the diflerence between and 55 
mmutesaffects the results Observations wen first made upon oxygon uptake in 
the prewmeo of air, later the bottles lia vo been filled with ox} gen toavoid possible 
objections to the work upon the grounds of uneven saturation of the tissue * As 
will be seenfrom somi* results with air recorded m the appendix, the uptake with 
oxygen and lactate shows an mcrcase of about 25 per cent as compared with 
Air t With the improvement ui technique, we liave latterly been able to get 
as a maximum 12 samples from cerebrum, and 8 from the optic lobes/rest, 
thereby facihtatmg comparisons upon the mnn' braui Amounts of 0 060- 
0*110 mg of tissue (wet weight) have been used Shghtlj greater accuracy 
would have been obtained by doubling the amount of tissue, but this would 
have interfered with the undoubted advantage of obtaining as many com¬ 
parisons as possible upon individual brains The optic lobes/rest as before 
included all parts of the bram other than the cerebellum lying below the 
cerebrum Bottles were weighed before and after introduction of the samples. 
Immediately before fitting to the apparatus the tissue \vas broken up with a 
gloss crusher, so as to prevent the balling of the tissue, which had sometimes 
spoilt th(* previous experiments Observations were made at 88° C , 12 
minutes was allowed for equilibration before takmg first roadmgs Oonstants 
were determmod at 38° C i 0*1° C under the direct conditions of the expm- 
ments 

* No attempt was made to free the oxygen from traces of air, as oontrob showed that 
a reduotion of the oxygen to 80 per cent gave the same results as 98 per cent. 

t There is therefore no evidenoo that moreased pressure of oxygen is toxio to those 
partaoular systems This needs lefwrenoe in view of U v Eu]er’sflnding{1980) that some 
tissue oatah-sts function better with low oonoentrations of oxygen, and also of the known 
fact dmt high oxvgen pressures are toxic to animals. 
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Chemcak 

Glucose has been an A U specimen No diffetenoe was found upon one 
occasion upon substituting a lughly purified glucose used in Streprothrix Cor 
work* 

SuccwuUe —Two specimens have been used, a sodium succmate (Kaidbaum) 
and a pure specimen of suocmic ai>id (De Hoan), m p 184 5° C In the lattiT 
case the succuuc acid was added to the Rmgcr-phosphate solution in appro¬ 
priate amount before bringing to the of expenment 7 4, with NaOH 
No difference was observed between the two samples 

IxusUUe (Na) — This was prepared from recrystallised raoeimc Zn lactate by 
the method of Meyerhof and Lohmann (1920), and in most cases was used upon 
the day of preparation The concentrations were checked upon aliquot 
samples by the method of Friedmann, Cotonio and Shaffer as modified by 
Friedmann and Kendall (1929) The Ringer-phosphate was similar to that 
previously used 

Vitamin samples were prepared with control tubes as previously deacnbed 
Vitamm concentrate of activity 60 y (pigeon day dose) was mostly u»h 1, 
though the result was checked m one case with one of 12 y 

The polyneuritic birds were piepan^^ as usual, and were for the most part 
buds which had been upon vitamin B| tests As a rule they had shown 
opisthotonus symptoms for some hours before use, which ensured that the 
depletion of the vitamm factor in the brain was advanced Details of the 
cases are not recorded as they present no new feature 

iHseussum upon Methods 

The choice of ** mmcod tissue ” needs some comment As stated pievioualy, 
tissue sectiouB have not been found satisfactory with these brams They 
have the furth^ disadvantage that the enisyme systems studied would not be 
sufficiently mixed to give reasonably regular results The figures given m the 
tables axe mostly the mean of duplicate estimations In cases of unaatisfactory 
duidioates or single readings, the values are bracketed 

Out of 60 estunatioiiB of the residual oxygen uptake, 30 gave a final differonoe m 
reading of 10^ soak divtaiaiu, the average difference between duplioatea baliig 7 per 
oent ((hH per oent m the extreme) Xn 20 detarminations with a scale readme of 3040, 
the average difference was 4 per oent This is so close to the theotetioal limits, nameb^ 
one division, that it eeems thedifferenoe was mainly due to the error cl reading Resnlts 


* We are mnoh indebted to Dr Reader for ^Is specimen. 
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therefore with dui^tatefi dilfenug by more than 14 per cent, for 10-SM) diviBiont w 8 per 
oont. for 20-^0 have been marked with a braoket 

la lactate, glucose and sucoinate determinations the difference between duplioates u 
ntnoUy more than would be expected from errars in reading alone In 40 succinate 
detenmnations where the scale reading was from 60 to 100 the average difference between 
duphoates was 5 per cent In 52 lactate determinations with a scale reading between 10 
and 50 divisions the average difference was 7 per oent 

All results where the duplicates differed by more thiin 1(» ptr cent iti the cast of succinate, 
or 14 per cent in the coso of lactate, have been marked with a bracket The glucose results 
given are the mean of duplioates agreemg within 10 per cent, except in the case of the one 
maikeiL 

It is ounous (and as yet unexplained) that the differences between duplicates with added 
substrate are greater than for residual oxygen uptake The differen(*cs he outside the 
errors of reading, and cannot he due to uneven absorption of 00^, as the precautions of 
Dixon and Elliott (1080) were always observed I'hey lie therefore in the tissue itself. 
At first wo thought that they wore more marked with avitaminous tissue, but this view is 
not supported by the present data 


ETsperinmUal 

Approximately 100 brains have boon studied The following {‘ompariBous 
have been porfonned os far as possible upon the same brams , residual oxida¬ 
tion (with no addition beyond the Bmger-phosphate solution), Rmger-phospbate 
With addition of glucose, lactate or sucemate 
Before givmg the comparative results, we must discuss two factors which 
influence mterprctation of the figures, namely the residual oxygen uptake 
(tissue without added substrate) and the question of the degree of saturation 
of the enzyme system 


Residual Oxidation 

It IS well known that the residual oxidation may vary owing to the fluctua- 
tums m the amount of substrates present at the moment of death In the 
work of Abderhalden and Vlassipoulos (1931), only the residual oxygen uptake 
in air has been measured It is difficult without the knowledge of all their 
figures to ascertain upon what the conclusion of lowered oxygen uptake is 
based, —24 per c^nt for avitammous as compared with normal brains Id 
the few previous experiments, reported by us m bicarbonate Ringer, the 
differences were small 

Table 1 and fig* 1 show that m presencM^ of oxygen, the values for the residual 
oxygen uptake of normal tissue amounts to 866 mm ^/gm /hr for cerebrum and 
for avitammous, 770 mm.*/giu*/hi with an average difference oi —11 per cent* 
for avitammous The optic lobes gave an average of 660 mm ^ for normal and 
610 fof avitammous with an average difference of 6 per cent* 
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Table I.—^Residual Oxygen Uptake (without the addition of subattate), 

mm*/gin /hr 


Ceiebrozn 


Optic lobev/rMt 


Nontul 

Avitaminuus 

1 Normal 

_ 

Avitaminous 

Bxpari- 

0. 

Expen- 

0. 

Expert- 

0, 

Expert 

O, 

meat 

uptake 

ment 

uptake 

ment 

uptake 

ment 

uptake 

181 

706 

170 

(845) 

187 

(610) 

182 

770 

186 

(1050) 

180 

675 

201 

(760) 

183 

710 

187 

616 

182 

(015) 

212 

(696) 

196 

(teo) 

201 

806 

183 

060 

213 

626 

217 

680 

207 

1070 

103 

(720) 

215 

(740) 

218 

6M 

200 

1000 

106 

(740) 

226 

716 

210 

726 

aia 

1020 

198 

820 

247 

625 

220 

(690) 

213 

775 

217 

836 

267 

480 

222 

700 

218 

806 

218 

(860) 



223 

730 

226 

(1190) 

219 

720 

Average 

660 

224 

610 

228 

(780) 

220 

766 

Standiud 

\ as 

226 

540 

287 

736 

aaa 

710 

deviation 

/ 

227 

690 

280 

035 

223 

040 



220 

(460) 

240 

905 

224 

740 



231 

(496) 

242 

895 

226 

655 



232 

(685) 

247 

806 

227 

(780) 


1 

283 

480 


1 

220 1 

666 



236 

550 

Avamge 

866 

232 

(MO) 


1 

243 j 

1 (685) 

Stendud 

\ no ' 

233 

(840) 


i 

246 1 

i (680) 

devifttlon 

f 1 fU 

234 { 

(060) 



248 

(580) 



286 

676 



— , ■■ 



1 

236 1 

730 I 

1 

I 


Avenge 

610 



238 1 

720 I 

1 

1 

1 StaiuUnl 

L on 



243 1 

1 760 1 


1 

deviation 




1 246 

620 







; 248 

726 







1 240 

6M 




1 



Average 

1 770 




1 



Standard 

t\ 00 1 




i 



deviatioii 

r ' 

i ! 



i 


Befeienoe to the scatter diagram shows that the distribution is so nearly 
the Bame that the average differences are not convmomg and ate aotnally 
not statistically significant Hence for brain without added substrate, we 
cannot confirm the results of Abderhalden and Vlassipoulos, as to significant 
differences between normal and avitammous tissue. 

Owing to the obvious variation in the residual oi^gen uptake, some dis- 
Cttsaicin is required of its bearing upon the respiMise to different substrates. 
As a matter iff convantion, we have compared the morgen uptalms over the 
first hour. During this time the rate of oz^en nptalm falls off rapidly with 
!Rmger*phosphate alone, and less rapidly in the presence iff substrates Our 
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curves have not differed m essential particulars from those of othar woricers 
Over the hour penod the effects are composite, the oomponents being the 
residual uptake of oxygen by the tissue, and the oxygen uptake due to the 
substrate used 


Oorcbnim Optic loben/reait 

(0 (li) (i) (u) 



Fro 1 —Oxygen uptake -without added eubitratea (leeidual oxidation) (i) Mormal. 

(u) ATitammona 

The observed residual oxygen uptake (L -f- R) equals the tesidual oxygen 
uptake for substrates other than lactate (R) (under our conditions of 
feeduig, etc , probably not very variable, and that due to prefonued lactate 
(L)) Thu coutnbutes the largest share to the reaidual uptake 

That thu u so oaa Iw shown in various ways The affinity ooostant for iv»t ai w u of the 
order 0*007 M (Haldane, 1980) This holds undw our conditions, sinoe of 

twDof our curves, one avitamuious and one nonuaJ both gave the value 0 OOSM. 

quite small amounts of lactate ere sufficient to mfluenoe the oxygen VmtlMr, 

as Krebs (1081) and Sleyerhof and fioyland (1981) have ehown pasoaing with mono 
lodoaoate rnnak reduces the oxygen uptake as well as the laotate present In two eqan* 
msnte with btaroa poisoned in this way wo found a reduction m oxygen uptake of 80 per 

cvnt andSOpsrocmt 

Hence it u safe to aasume that the observed lendual o^gen + B) 

IS doe to a small amount (R) of unknown subatanoes and a la yy m«w«^ 
lactate prefonned (L). A sufficient number of obaervatuma aVunVt ghw Ao 
limits for rMidual uptake under our oonditKUw. In the carves gtven below, 
the actual figures are plotted without subtiaetion. 
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Xhtte ut another way d regarding the reaulta, whioh gives auhstantially the same auawer* 
Smoe fi^uooeo u rapidly glycolysed to lactate, any preformed gluoose in the tUMue can be 
neglected If R is regarded as constant, the uptake in presence of an amount of lactate 
stifRciont to saturate the systom forms a fair measure of the oxygen uptake for lactate 
Any preformed lactate in the tissue merely adds to that which is present On the other 
hand, smee largo amounts of snccinate must be present to saturate the suocinatct <iysteTn, 
and smoe there is no evidence that much preformed succinate is present, the above pro¬ 
cedure will not be accurate for succinate In this case, we should theoretically Hubtroct 
the observed residual uptake from the uptake m presence of succinate in order to approxi¬ 
mate to the uptake for succinate alone In this case, of course, the assumption has to be 
made that the metabolism of the tissue is not substantially different under the two con¬ 
ditions 

Guha (1031) has estimatfd the amount of laotiQ oxidase present in rat's brain b\ com 
panng the oxygen uptake with and without added lactate This is not an abaduto method 
onloBS the preformed lactate can be shown to be constant Such a method really ine4i hutch 
the difference between two ooiiucntrations of lactate, one of which ih unknown 

Saturation of Enzyme System 

In the pn^vious experiments, no mention was made as to whether the enzyme 
system was saturattni at the conoentration of glucose employed, it was our 
mtention to work under conditions approximating to the normal to which 
such tissues would be exposed Actually experiment showed that increase ui 
glucose up to 1 per cent and even 3 per cent produced practically no increase 
For purposes of comparison, estimations of the 0^ uptake must be made cither 
at maximal saturation or if not at some defined degree of unsaturation Fig 2 



Mcilar caiK.entrationft of lactate 

Fm 3 —Oxygen uptake for normal and avitaroinous brain witli varying conceniration of 

lactate 

shows that the vatiation with difierent lactate omioeatiation becomes negligible 
over 10 mg lactate 3 c.o (0 037 M) In thia legion, obangea in lactate 
utmuentmtion of O’B mg. produce variatimia of not mine than 60 mm */8>n per 
hour. Oi>r oompaiiHons were made at 0*087 0«002 M lactate ocmoantration 

With suoomate the position is difierent. A» the snocmate ocnoenteation is 
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incmsed from 0-100 mg increase m oxygen nptaln takes place up to a maxi¬ 
mum of 4600 mm ’ for cerebrum, 3000 mm * for tbe optic lobes At the faig^hest 
concentration the solutions are, of course, enormously hypertonic, but this 
does not seem to affect the smoothness of the curves relating rate to oouoen- 
tration. Fig. 3 obtamed in an experiment iqKin the cerebrum of one bud 
shows the variations to bo expected upon moreasing the concentratiiHi from 
9“ 90 ms; succinate per .*} c c (0 0185-0 185 M) 



Pro 3 —Oxygen uptake with varying oonoontrathm of ettocinatei. • • • velooity over 

first 10 minutes -velocity over whole time O • velocity over last 

10 minutes 

The upper curve shows the oxygen uptake per gram of tissue per hour calcu¬ 
lated for the period 0-10 minute The middle curve shows the cotresponcling 
uptake for 0-60 mmutes and the bottom curve for 50-60 nunutes The hdling 
off of the oxygen uptake is caused by three factors. (1) The gradual decrease 
in the residual oxidation, (2) the gradual decrease in succuuc acid concentra¬ 
tion (this IB negbgible at high oonoentrations), (3) possible destmetum or 
blockmg of the enzyme systems All these factors will be at a miinmnin for 
the first period Reading from the figure. Table II is obtamed 
A Miohaehs constant of approximately 0 0096 M is given for the sucoin* 
oxidase under these conditions Widmark (1921) using muscle extracts 
obtamed a Em 0 001M for suocmoxidase, t.e., ten tunes less We have 
most of our compansons between 0 0185 M and 0 0665 M The region of 
maximum uptake has been avoided owmg to the enormous hypertomcity 
there 


Normal and AWtarmnoua Jwsue and Bdiavtour to dtffemt SvbatntM 
Kimietaley and Peten (1990) found that m buds with threatesung gym ptowm, 
the changes m lactic acid tended to be most marked m the optic fobes/test. 
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Tablp II 

Period 0-10 minutes Besidoal oxidation 1160 nun’/gin./hr Equation 



U8od a; (V/v 

-1) (Ifoldane, 1930) 


Huooinio acid 
oonc (M) 

, i)g uptaki), ' 

1 min ‘/gm fhr ' 

1 Og uptake 

1 residual oxidation 

(••) 

1 


0 0093 

i 

' 2900 

1740 

0 0094 

0 0185 

3450 

2290 

0 0102 

0 0279 

! 3800 

2640 

0 0095 

0 0370 

4045 

2885 

0 0085 

0 0453 

4160 

3000 

0 0063 

0 0555 

1 4220 

8060 

0 0089 

0 0025 

1 4335 

3175 

0 0111 

0 183 

, 4715 

1 

3555 (V) 



As the symptoms persisted, changes also were found m the cerebrum Most 
of our cases therefore could be expected to show lactic acid changes m the 
cerebrum, as well as the rest The degree of lowermg of the oxygen uptake 
with glucose as substrate (as compared with the figures m our previous paper) 
can be used as some measure of the extent to which the condition has advanced 
Fig. 4 summarises all the results for lactate and figs 6 and 6 for succinate 
Table III shows the data for four typical experiments with companson of 
glucose and lactate upon the same tissue, and three for glucose and succinate, 

Orebntm Optic lobea/rest 

(1) (8) <3) (1) (2) (3) 



Flo 4.—0*ygea uptsks in pmenoe of 0 087 M laetste, lor (1) normal, (2) avitaminous 
ai^ (S) avltsminouB brain with addition of vrtanun B| oonoentrates. 
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and averages icnr ntonual and avitaiiunottB Imuns with snoomate as snbstnite. 
A senes d 26 ei^nments of this natoie have omivuioed as that m oases 
where there is a marked lowering of the reaction of the tissue to either glucose 



Pio 5 —Oxygen uptake tot normal and aYitanunouii oetelwttin in pieaenee of varying 
concentration ol lueoinate a normal btaina O avitaminoiiM brams 



Vie 0 —Oxygen uptake for normal and avitanunoui optio lobea/rMt in pteaenoe of varying 
cauoentration of ettocinate a normal tmuna Q avitanunoua bnuiw 

or to lactate, the uptake of oxygen with suLomate is practically nonoal The 
tissue IB normal to sure mate and abn<nmal to glucose and lactate 
It will be mterestmg to explore these differences further with other sub¬ 
strates, but we fJunk that they prove the oontentum that m two oxidaBe 
systems, both of which ore mhilnted by cyamde, the lesion in avitammosis is 
in the glucose-lactate system, which mdicates that it is cemoemed with the 
oxidBtive metabolism of lactate, how dueotly cannot yet be stated. Pirovio as 
work upon oxidase systems m avitammosis, to which rrfeteiMw has been 
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Table III • -Oxygen uptake, mm.*/gni /hr 
A Glucose-lactate 




1 

Cerobrum* 

Optio lobes/rest 

1 

Type 

Nxporimont 

Ringer 

only 

1 

Qluoose 

I 0 26 
per cent 

1 

Laotate 
0 037 

M 

1 

Bingpr 

only 

1 

Glucose 
0 25 
per cent 

Laotate 
0 037 

M 

Nonna] 

:ii3 

776 

1645 

1705 

630 

(1410) 

1600 

Nonnal 

215 1 

806 

1955 

2275 

(755) 

1460 

(1620) 

AvitaminouB 

217 

830 

1830 

1220 

630 

045 

700 

AvitamittouB 

218 

(850) 1 

1 

1355 

1350 

685 

870 

945 


B Olucose-succinate 




Ombrum 

Optic lobes/roet 

Typo 

1 Rxperi 

1 ment 

Ringer 
1 only 

Gluofise 
0 26 
per cent 

1 

SucoinaU 

Ringer 

only 

1 

Glucose 
0 25 
per cent 

1 

Succinate 





(0 0186 M) (0 0655 M) 



(0 0370 M) 

Normal 

226 

1105 

1056 

2390 3500 

716 

- 

2065 





(0 0370 M) 



(0 0185 M) 

Avitaminous 

183 

04d 

000 

8326 

716 

1200 

2180 


1 


1 

(0 037011) 



(0 0370 M) 

Avitanufious 

220 

aofi 

1 1005 

2800 

460 

1 

2000 


C Succinate Averages 




Cerebrum 

Optic lobes/met 

Concentration 





Normal 

1 

1 Avitaminous 

Normal 

Avitaminous 


M 

0*0186 

2160 

I 2310 

2220 

2270 

0 0370 

1 2040 

i 3020 

2760 

2770 

0 0655 

1 

! 3770 

f 3340 

! 

3050 

2000 


in other communications, has been mamly upon other tissues Results with 
these are likely to be comphoated by the fact that tissues other than the btam* 
are apt to make lactate after mincing, and by the difficulty of decidiiig how far 
the avitaminouB lesions have advanced In the case of brain the nervous 

* WMi faram, formatian of taotnto from tunie has been found to stop withm a few 
minutes of death. 
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aymptoma fcarm an indication of this But it seems to ns very probable that 
some of the oontioveisy m previous work has been due to the choice of either 
no substrate or of tliMimilRT substrates or of methylene blue methods; Drum¬ 
mond and Maman (1926), for instance, used sucomate, which we have shown 
m btam behaved normally, and hence would aixxiunt for their view that the 
avitaminouB tissues were not changed It seemed that the matter could be 
settled if it was shown that the vitamin concentrates had a greater effect 
upon the lactate than upon the glucose oxidations when added as previously 

Addttton of VUamtn Concentrates * 

The results of eiqienments are Bummansedm Tables IV andV In eight experi¬ 
ments with cerebrum, there is an mcreose of 20-32 per cent in the amount of 
oxygen taken up m the hour period , the effects are therefore much greater than 
with glucose (4-12 per cent) The results for the residual uptake, Table V, are 
practically as large as those m the presence of glucose, which must be due to 
the traces of preformed lactate present In sinking contrast is the effect with 
succinate Here the slight increase is generally equivalent to the effect of the 
vitamm upon the residual oxidation (presumably the preformed lactate), 
except m the case of experiment 226, which we are unable to explain, but it is 
dearly an exception to the general rule We would emphasise that the effect 


Table IV —Avitaminous Brains (Lactate) U 037 M O 2 uptake mm ^/gm /hr 


Experiment 

Without 

vitamin 

CJerebrum 

With 

vitamin 

0i 

Without 

vitamin 

>Uo lobes/rest 

With 

Vitamin 

193 

(1450) 

__ 

990 


19A 

1170 


SOO 


2U 

1400 

(1900)+30per cent 

(1270) 

1530+20 per cent 

21 c 

1000 

1300 +30 percent 

«- 


217 

1200 

— 

700 

970+23 per cent 

218 

1350 

(1660) f22 percent 

050 

1180+24 per cent 

219 

(1100) 

(1450)+32 per cent 

— 


232 

1800 

1090 + 30 percent 

810 


233 

980 

1400 +42 percent 

— 


234 

1210 

1500 +24 percent 

— 

— 

Averagea 

1220 

1560 -f 28 per cent 

036 

1230+22 par cant 

Standard deviatiou 

160 


168 



* As previouBly, we are taking the simplo view that the “ lactate ” factor in the eon- 
oeatrates is vitamin Bt This oaxmot bo settled until oxyataUine vitanun is availabiOi 
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of the addition must be catalytic In ezpenment 217, not more than 5 y solid 
wei|^t added to the 3*0 c c caused an extra increase of oxygen of approxi¬ 
mately 120 Y The results for lactate perhaps explain some of the ounous 
anomalies of the oerebrom m the experiments with glucose and vitamm con¬ 
centrates They would depend in part upon the rate of lactate formation 
from the glucose, % e , upon the integrity of the glycolytic system 


Table V —^Avitaminous Brains O 2 uptake mm */gm /hr 
Cerebrum 


I 

I Ringer 


Experiment 

Cont 

! 

Vit 


226 

660 

820 

160 

227 

(730) 

9X0 

180 

229 

666 

(760) 

96 

230 

790 

936 

1 146 

231 


— 

— 

210 

- 

- 


Avenge inoreaee 

1 

1 

145 


ISutanate (0 037 M)c 


Per oent. 

Oont 

Vit 

i 

+ 

LVi eunt 

24 1 

3170 

8330 

160 

6 

26 

(2980) 

3120 

140 

6 

16 

2800 

2800 

0 

0 

19 

3316 

3336 

20 

0 



1 

80 

2 26 


optic lobes/rest 


Experiment 


Ringer 


1 ----- - 

j Saooiiiate (0 087 M) 

Cent 

Vit 

1 + 

jper cent 

Cent 

[ Vit 

j + 

Per oent 


220 

600 

640 

40 

9 ' 

2375 

2780 

406 

17 

327 

640 

690 

60 

8 

2910 

3066 

146 

6 

220 

460 

600 

140 

30 

2090 

2840 

(-160) 

(-5) 

380 

(666) 

666 

90 

16 j 

2866 

2005 

160 

6 

231 

(496) 

600 

105 

1 20 1 

(2200) 

2615 

226 

10 

210 

726 

— 

— 1 

— 1 

2970 

3080 

110 

4 

Avenge inonano 


1 “ 

i 

1 


130 

6 5 


Cent S3 control 


Effect of Fttamtn Concenlratee upon Normal Bram 

Table VI shovim the action of the same vitamin concentiates upon seven 
nomial buds It will be seen that effects obtamed, except in one case, aie 
slight and of a diffeient order to those in Table IV, averaging -f 4 per cent. 
Hence the normal tissue is practically saturated so far as the &ctor supphed 


2 I 2 
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Table VI —^Normal Brains 


Vitamin concentrates (1/10 pigeon dose) Substrate, lactate (0*035 M). 


Sxfionmont 


(Jerebrum 


Optio lobes/rest 

Cont 


Ppr cent j 

Cont 

Uoneentrate 

Per oent 


208 

13W» 

- 

_ 

1300 

_ 

_ 

213 

1810 


— 

1660 

— 

— 

237 

1660 

1630 

- 1 

— 



240 

1810 

1 1820 

m 

1270 

1S20 

420 

242 

1500 

1750 

•f 0 

1500 

1400 

- 6 

247 

1640 

1850 

+ 12 

(1170) 

1270 

+ 0 

255 

1550 

1660 

+ 7 

(1450) 

IJOO 

- 4 

256 

1600 

1720 

+ 1 

1320 

1300 


257 

1480 1 

1520 

+ i 

. . .1 

1200 1 

... 1 

1210 j 

i ^ > 

Avonge 

Stondard 

1620 

1710 

f 4 1 

1380 

1360 

+ 4 

devintiori 

132 

— 

1 

178 

— 



by tlio (Concentrates is concerned The vitaimn therefore is much more active 
with the avitammous than normal brain in presence of lactate The effect 
of vitamin extracts on avitammous brain appears to be c^omplctely at variance 
with the final conclusion reached by Qalvao and Cardoso (1930), namely, that 
the lessemng of oxidation m avitammosis B^ is due exclusively to a state of 
partial inanition This general (onclusion is reached as a result of a senes of 
expenments upon the oxygen uptake of whole pigeons, and of the reduction 
of methylene blue by muscle and liver However interesting these facts, they 
only show that certain systems behave the same m an avitammous and starved 
animal The real pomt at issue is why the avitammous animal voluntarily 
starves itself This we believe is more likely to be decided by experimeiits 
upon the bram where some indication of physiologual abnormality exists 


Ihsoussion 

A promment aim m these mvestigations has boon the hope of correlating 
pathological symptoms with biochemical changes, and so helping to <MM>idmate 
biochemical enzyme studies with the behaviour of the bram m life It may 
be argued that our conditions are too artificial to admit of application to the 
tissues in the hvmg bram , this argument is certamly valid m the sense that 
we do not know what modifications are imposed on the enz 3 mie systems dunng 
life But it 18 difiBcult to behove that the difference found m these cell sus^ 
pensions do not indicate changes of some similar type m the hvmg tiMue 
In this paper the proof is given that m the pathological condition of poly* 
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aeontiB m biida, a prominent lesion in the systems studied is not one which 
affects all oaadase systems, but that it is associated with lactate, the oxygen 
uptake tn wibro being mcreased m the presence of this substrate upon addition 
of vitamin concentrates Hence, the vitamm is not part of the respiratory 
eiusyme system (Warburg) or of the cytochrome (Eeilin), supposmg that they 
are not identical It is therefore mcorrect to consider it as a general “ Atmung- 
stoff” (of. Abderhalden and Ylassipoulos, 1931), though our expenments 
support the theory that the yitamin is an integral part of one oxidase system 
It may therefore be in that sense actmg as an Atmungstoff ” Wo would 
pomt out, however, that this is by no means proved There are still altemative 
explanations for the undoubted mcrease in oxygen uptake which takes place 
when vitamm is added to avitammous bram in the presenf'o of lactate These 
are being now investigated That the fac tor in the vitamin roncentrates is not 
merely actmg like methylene blue m catalysing the uptake of oxygen with lactic 
dehydrasc appears to follow from the experiments of Stephenson (1927) on 
the soluble lactic dehydrogenase from B coh She could not restore oxygen 
uptake by adding yeast extracts It is clear that the strongest support is 
given to the inferences drawn by Kmnersley and Peters (1930) from experi¬ 
ments which showed localised accumulation of lactic acid in the pigeon’s bram 
in these conditions, namely, that these wore due to the lack of some factor m 
the tissue (Bj) connected with the oxidative removal of lactic acid and is 
(*oiiBiBtent with Fisher’s experiments (1931) It seems that the experiments 
are also the best evidence yet obtamed for the theory that vitamm is a 
factor ID the mtermediary metabolism of carbohydrate The aocompanymg 
diagram is put forward as a working hypothesis of the present position reached 

(fig. 7) 
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Fm 7**^XhBgiain to illustrate present position reaohed as to site of action of factor in 
oonoenttataa A, blocked by fluonde (Loebd, Holmes) or by lodoaoetato (Lunds- 
gaard, Krebs). R, resphatory enzyme system 
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Concttuums 

1 The oxygen uptake of minced polyneuritic pigeon’s brain without added 
subatrate (residual oxidation) is bttle different from that of nomiBl 

2 In presence of added lactate, there is an average dmunution for cerebrum 
of “ S3 per cent and optic lobes of — 46 per cent, whereas in presence of 
succinate the behaviour of normal and abnormal tissue is the same 

3 The specific lactate ” abnormality is largely restored by addition of 
vitamm concentrates, which produce negligible effects upon the normal. 

4 Hence it is inferred that the biochemical lesion is not general m 
avitammoRis, but is specific for the glucose-lactate enzyme systems, and there¬ 
fore expresses change m the intermediary mi^tabolism of carbohydrate 


Our thanks are due to Mr H W Kmncrslo^ for specimens of the concen¬ 
trates used in this research, to the Oovemment Grants Committee of the 
Royal Society, and to the Medical Research Council for grants towards the 
cost of the work We are also grateful to Dr Walker for his help with 
the apparatus used 

Appendix 

The following table gives experiments with lactate in air, and shows for cere- 
brum that the average values are some 25 per cent lower than those m oxygen 
It wiU be noted that the average value for optic lobes and the rest of the bram 
considered separately is 1340 and 1210 mm ^ which uidicates a lower capacity 
on the part of the ‘'rest ” than of the " optic lobes ” In the experiments 


Table VII Expenments in Air Normal Brains 
Na Lactate (approx 10 mg /3 c c ) 


Ezpenmeni | OoMbnim CicivbeUum Optic lubes | Rest 

I I I 


26 

ISiM) 

itsu 

1400 

1320 

26 

1600 

U70 

_ 

1170 

20 

1460 

1570 

1190 

1200 

32 

149A 

1260 

1270 

1010 

33 

1360 

1880 

laeo 

1310 

36 

1436 

1820 

1422 

1290 

36 

1436 


_ 

37 

1360 

— 


— 

Areragp 

1460 

1370 

1340 

1210 

Vsltie for glucose in i 

sir* — 




Avenge 

1260 

1032 

1185 

997 


* From pmWoiu work 


Carbohydrate Metabohem %n Birda. 447 

given elsewhere in the paper, any differences of this kind were sacrificed by 
mixing these two tissues m order to obtain sufficient tissue for average com- 
pansons It will be seen that the general level of oxygen uptake is greater m 
presence of lactate than with glucose This conclusion can also be drawn 
from a comparison of the experiments with glucose and lactate m oxygen 
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The Influence of Colowed Swrounds and Colowed Backgrownda on 

Vieuad Threshalde. 

By H E Roaf 

(Commumratt'd by Sir Charles Shemnf;ton,F R S —(Received December 31,1931) 
(From the Department of Physiology, London Hospital Medical Gollege) 

The present observations were a development of previotts work on the effect 
of lights of different wave-lengths on each other when supetunposed on the 
same retinal area (Koaf, 1928) The methods used were (a) to measure the 
threshold of a tost light when shining alongside a modifymg light, and (6) 
to measure the threshold when the modifying light shone on the same part 
of the retina us the test light, thus forming a background for it It was 
assumed m that paper that by moasurmg the threshold of the test light when 
shining alongside the modifying light the observer's eye would be m the same 
state of dark adaptation as when the two lights were supenmposed, but it was 
pointed out tliat adaptation might be local and that “ soattermg ’’ of light 
might have affected the results (Roaf, 1928, p 264) 

VanouB arrangements of test and modifymg light have now been studied to 
determine to what extent they will alter the threshold of the test h^t A 
prchrainary account of these experiments has been published (Roaf, 1931) 

The threshold of a test light may be changed by a modifymg light m one of 
four ways, namely — 

A Change in area of the aperture of the pupil 

B Change in sensitivity of one region of the retina as the result of light 
fallmg on another region 

C Interaction via the nervous system when the test b^t is presented to 
one eye and the modifying light to the other 

D Local effects due to superposition of one light on anotiier 

A Change m the area of the aperture of the pupil can be evnbiHad ftam 
influencing the experunent by the use of an “ artificial pupil ” with a narrower 
aperture than that of the pupil of the eye employed m malntig the observa- 
tions The msortion of an artificial pupil for vision outside the pupil xeqmna 
elaborate apparatus which was not considered necessary for the present 
observations The effects of changes in aperture of the pupil have been tested 
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by foveal leadmga with and without an artificial pupil It was found that the 
iPuminatious used had small influence on the area of the papd (see Tables 1 (a) 
and lY (a)) 

B (a) The influence of one part of the letma on another may be purely 
optical On lookmg at a small source of light the image is not sharply de¬ 
marcated from a region of non-iUummation, but there is always a suiroimding 
area of decieasmg illumination Further, there is always some irregular 
difiraction at the optical surfaces and scattermg of light m the eye media which 
tend to throw a certain amount of stray ” light on parts of the retina outside 
the image, and even remote from the image This “ stray " light is particularly 
noticeable when the eye is dark adapted On looking at a small source of 
light the whole eye then seems to be illuminated by a pale bluish haze The 
effects of spread of illumination cannot be wholly avoided, except by usuig 
the test light for one eye and the modifymg light for the other 
B (P) When light falls on a part of the retina the nerve impulses, thus set 
up, may interact with those from another part if there are synaptic con¬ 
nections between the ccUs of the retina This kind of spread has been ably 
discussed by Adrian and Matthews (1928) for the eel’s eye, and studied by 
Qranit and his co-workers (1930, 1931) in the human eye Allen (1923 1920) 
has described an interaction between the two eyes which he asenbes to a 
“ sensory reflex,” but the effect of a stimulus to one eye on the other eye may 
be due to interaction in the central nervous system 
C Central inteiaction can be studied by binocular vision, Parsons (1924, 
p, 54) states that ” dark adaptation m one eye has no effect upon the other ” 
Sherrington (1904) found a slight difference m the rate of revolution at which 
flicker disappeared when the two eyes were illuminated simultaneously from 
the rate required when they were illuminated alternately 
D Local effects due to superposition were the object of a previous study 
(Roaf, 1928) They are probably the result of photochemical action 

Pabt I 

As the processes described under headings A, B and 0 were studied by the 
same apparatus, the experimental methods and zesults will be described m one 
section 

Expenmental Methods. 

The measurements are done in two stages. In the first place, the absolute 
tiuceshold was measured when no other light is bemg presented to the eye. 
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In the second pliuse, the diffeiential threshidd xs measiued whan the modifying 
bght IB being simultaneously presented with the test hght 
The small hght of which the threshold is bemg measured will be descnbed 
as the test hght, and the larger field of illumination which affects the test hght 
will be descnbed as the modifying hght The test hght subtended a visual 
angle of V 50' and the modifymg hght subtended an angle of 43° 

The source of hght was split up into its component wave-lengths by means of 
a spectroscope used m previous researches (Boaf, 1924) The pure spectrum 
was caused to fall on the diaphragm (A) with a disc aperture An image of 
the disc aperture was focussed on the ground glass screen (D) by moans of the 
l^se^ (Bj, Bg) and u totally reflecting prism (C) 



FfO I "For dfiscnption see text. The modifyuig light is furnished by ti^ apparatus 
in fig 6 without the totally rcfieoting pnsm and the optical parts rdated to it in that 
figure 

The lens (Bg), the prism and the ground glass were together mounted on a 
small movable base (M) 

The modifymg lights were furnished by colour fdters used m a previous 
research The “ red screen transmitted a band from the extreme “ red ” 
end of the spectrum to about fifiOO A. and at full mtensity was about 2500 times 
the threshold mtensity The “ green ” screen transmitted a band fcom 4960 
to 5560 A. and at full mtensity was about 2500 times the threshold mtensity 
The '' blue screen transmitted a band from 4170 to 4790 A and at full 
mtensity was about 1000 times the threshold mtensity 

* The terms “ red,*' “ green.” etc , will be used for brevity denoting light of suob wave¬ 
length as would ^ve nse to the sensation of ted, green, etc, lespeoti^y, to a normal 
pemon. 
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The means by which the modifying light was projected on the ground glass 
screen (£) is shown in fig 5, but the totally reflecting pnsm and optical parts 
related to it m that figure were not present A gas-filled opal electric light 
was contamed in a ventilated light-proof box m one side of which the colour 
filter could be fitted The light transmitted through the colour filter passed 
through a shutter by which the intensity of illuminatum could be altered, 
then through a lens by which an image of the opal bulb could be formed on the 
ground glass screen (£) 

The light from the ground glass screen, K, was refle<*ted by a mirror (F) 
set at 46^ to £ In this mirror was a hole drilled at an angle of 45° ho that the 
hole was centred on thi^ optical axis of the light passing to the observer’s 
right eye Between the stereoscopic lenst^s (6i, Gj) was a sen^en (H) to prevent 
cross illumination A chin rest was provided inside the box suiTOiuiding the 
stemisCiOpu Icnsc^s Freoautious were taken to limit extraneous illumination 
from other parts of the dark room The tost light was mteirupted by a 
revolvmg sector shown at K because it was found to increase slightly the 
acicuracy of the observations 

By shifting the unit, M (consisting of lens Bg, prism and ground glass) to 
the Tight it was possible to view the test light through the hole m the mirror 
(position shown by interrupted lines in the diagram) so that both lights shone 
in one eye, the test light being visible in a dark area at the centre of the modify- 
mg light, the left eye being open but entirely unillumiiiated 
By shiftmg the unit, IM, to the left (position shown by contmuous lines m 
the diagram) the test light would shine in the loft eye and the modifying light 
in the right, m which case the images would combine in a single visual field 
owing to action of the stereoscopic lenses, and G 2 
When observations were being made by regions outside the fovea, a fixation 
light was used The fixation light was produced by a neon lamp enclosed m 


i/V 

/ 

c/' 

Fig 2 —SeoUon through end of fixation light showing how the tube u fused on to the 
rod. The intorrujrted line shows the angle at which the book of the tube is ground 
off BO that light oan pass through from behind. The lower maigin of the tube is 
shown at the lower end of the interrupted line 
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a bght-pioof case, through which paaaed a glass rod 3 mm m diameter The 
light passed along the rod bj internal lefleotion and the rod was wrapped in 
black tape to prevent the escape of stray bght The end of the rod was fused 
to a glass tube which was bent at a sharp angle The convex part of the bend 
was ground oS to give a surface at 45° to the rod and the suiface polished 
The out end of the tube was ground and polished m a plane parallel to the 
direction of the rod On viewing the tube perpendicular to its out, polished 
surface, the observer sees a feeble orange light in the form of a ring (due to 
internal reflection from the rod to the walls of the tube and from the 46° 
surface towards the observer) Another light of small area can be made to 
appear in the centre of the ring because the convex part of the tube had been 
ground oS 

Fig 3 shows the fields for the right and left eye when both lights, the test 
and modifymg bghts, shmc in the same eye (upper diagram) and when the 
bghts shine in opposite eyes (lower diagram) The position of the fixation 
light when arranged in each case for extra foveal vision is shown at the right 
of the modifying light 

Most of the readmgs were made by one observer Other observers made 
readmgs, however, and of those latter two had a long penod of trammg 

When measurmg the threshold of a light it is necessary to keep the directioa 
of the eye fixed For those observers m whom the fovea is the most sensitive 
part of the retina for “ red the absolute threshold for “ red ** is easy to 
measure With “ green ” and “ blue **• on the fovea the case is different and 
special precautions have to be taken When these lights arc reduced down to 
the threshold at the fovea the visual axis tends to dnft from the fovea The 
light then reappears and, consequently, the threshold measured is lower than 
if the visual fixation were preserved. With practice the visual axis can be 
moved voluntarily, making the light disappear when shinmg on the fovea 
and reappear on the other side Then the light be varied until it will ]UBt 
disappear or just not disappear at the fovea 

The degree of visual stoadmeaa required is gauged by an observer’s abihty 
to look with one eye at a small spot of light, well above the threshold value» 
and then voluntarily to alter the direction of the visual axis until the spot 
disappears and remama mviaible on the blmd spot This moidentally illus¬ 
trates the diffoseness of such illumination for there may yet still be visible a 
distmct halo round the blmd spot 

* The term '* Mae " u uaed although it may bo that the actual reoeptor may give a 
eenmtion of violet when attmolated Violet appears, however, as if it were a mixture of 
red and blue 
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The mteasities of the thieshdd weze toeaBured by miUimetre leadiagB of a 
photometnc wedge Each difference of 5 mm m the readings along the wedge 
cozieBponded approximately with a halvmg or doubling of the mteuBity of the 
light dependmg on the direction of movement of the wedge 


I eft rye 


Right cy< 



{ft) lor iiiiiociilar cxpennirnts 



Fiq 3 » Fieldu of vision arranged for readings outside the fovea (a) The tost light is 
seen by the right eye in the centre of the umlluminated area which is itself contained 
within the field of the modifying light The left eye is open but umlluminated 
(6) The test light is seen by the left eye The uiiiUmmnated area is contained within 
the modifying light which is visible to the nght eye Kor foveal vision, if the fixation 
light IB used It will oooupy the margin of unillumuiatod area between the teat light 
and modifying light in (e) 


Sufficient time was allowed for good dark adaptation before the absolute 
threaboIdB wore measured By keeping the obser\ mg eye closed between 
readings it is possible to use the other eye for making adjustments and recording 
xeaultB 

In most oases the figures recorded were the average of five separate readings 
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Table I —^lacreaBc of threshold of test light prodnoed by simoiuiding Jlnmma- 
tion on foveal and extra foveal vision lor the right eye of H E R 

(a) Foveal 








Approximate 

Test light 

21 10 10 * 

611 JO* 

21 11 10 

18 ) n 

Avciagc 

multiule 
of threshold 


mm 

mm 

mm 

mm 

mm 


Bed " screen 
“Red” 

2 6 

6 0 

0 8 

11 2 

7 4 

3 0 

“ Green ” 

2 8 

4 8 

7 4 

8 8 

6 4 

2 6 

“ Bine ” 

83 

7 4 

7 2 

4 6 

6 6 

2 3 

“ Green *’ screen 
“Rod” 

2 5 

6 4 

7 8 

11 U 

6 7 

2 7 

“ Green ” 

4 0 

7 4 

9 6 

7 4 

7 1 

2 8 

“ Blue ” 

5 1 

10 4 

8 8 

5 2 

7 4 

3 0 

“Blne“soTeen ! 
“Red” 

-0 1 

~0 6 

2 4 

6 0 

1 8 

1 3 

“ Green * 

1 4 

1 0 

4 4 

2 4 

2 8 

1 4 

“ Blue ” 

0 7 

1 6 

2 8 

0 8 

1 5 

1 2 

Wave lengths oi test 
hgnto 







“Red” 

/ 6527 

6604 

6429 

6678 


— 

X 8328 

6478 

6202 

6608 

— 

— 

“ Green ” 

/ 6651 

6876 

6422 

6307 

— 


\ 6440 

1 6824 

5290 

6276 

.— 


“ Blue ” 

/ 4921 

1 4819 , 

4771 

4771 

— 

_ 

\ 4795 

4721 1 

4669 

4693 

- 

— 


(6) Extra Foveal (21°) 



111130 

laii 30 

1 21 1130 1 18 3 31 



“Bed "screen. 
“Red" 

24 2 

10 e 

14 0 

0 4 

16 8 

a 0 

“ Green ” 

82 0 

30 6 

31 0 

21 2 

28 7 

690 

" Blue ” 

83 2 

26 8 

36 4 

31 0 

31 8 

108 0 

“ Green ” screen 
“Red" 

28 2 

22 2 

18 0 

a 4 

18 7 

16 9 

“Green” 

48 2 

61 2 

42 6 

33 0 

43 8 

640 0 

“Blue” 

62 8 

60 8 

62 4 

46 8 

60 7 

1720 0 

“ Blue ” screen 
“Bed” 

12 0 

18 4 

0 0 

6 4 

11 2 

6 0 

“ Green ” 

37 4 

40 4 

360 

26 4 

34 8 

160 8 

“ Blue ” 

44 4 

38 8 

42 0 

36 2 

40 1 

36B 4 

Wave lengths of test 
li^ts 







“Red” 

/ 6603 

6678 

6420 

6678 

«_ 


1 6279 

6402 

6202 

6603 

— 


“ Green ’ 

/ 6222 

6149 

6422 

6897 

_ 

■ - 

\ 6178 

5071 

6209 

6276 

- 


“ Blue ” 

/ 4721 

4721 

4771 

4771 

- 

■ ■ 

!\ 4623 

4646 

4669 

4693 

— 

— 


* Artiflaial pnpil used 
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Table 11 —^Jnciease in tbieehold of test light prodnoed by smtoimdiiig illumina¬ 
tion on foveal and extra foveal viaum for n|^t vja of H F 


{a) Foveal 


Tent light 

4 3 31 * 

1 

19 6 31 1 

1 

j 

\ 

2 6 81 1 

1 

Averagr 

Approximate 
mnltinle 
of threanold 


uini 

I 

mm ) 

mm 

mm 



** Hed ” Boieeu 








“Rod” 

5 0 

1 6 4; 

3 8 

5 

1 

2 

1 

“ Qroen ” 

fi 4 

11 1 1 

0 0 

5 

5 

2 

1 

“ Blue ” 

1 1 

8 6 

1 6 

4 

4 

1 

9 

“ Qreen ” HOieen. 


1 






“Rod” 

5 4 

8 2 ; 

4 6 

6 

7 

2 

7 

“Oreon” 

7 1 

! n 9 , 


6 

H 

2 

7 

" Blue ” 

7 3 

H 8 1 

8 4 

8 

2 

3 

3 

' Blue '* Horeeu 



1 





“Red” 

3 4 

1 2 

1 0 8 

1 

3 

1 

1 

“ atoen “ 

3 0 

2 9 

1 _0 4 

1 

8 

1 

2 

“ Blue “ 

4 3 

2 0 

4 0 

3 

4 

1 

U 


(<») 

Extra Foveal (21*^) 





“ Red *' (loreeiu 



1 





“Red” ! 


2 4 

3 0 

\ 

9 

1 

8 

“Green’ 

37 6 

42 8 

21 4 

21 

3 

100 

0 

“ Blue ” 

36 0 

35 8 

12 H 

22 

5 

27 

0 

“ Green ” ecreen 

1 







“Red" 

6 3 ' 

1 8 8 

8 2 

8 

9 

3 

6 

“ Green ” 

31 0 

43 2 

31 8 

25 

3 

180 

0 

“ Blue ” 

45 4 

1 41 6 

1 

41 2 

43 

7 

540 

0 

“ Blue ” streen 


i 






“Red” 

2 6 

2 8 

2 0 

2 

r> 

1 

4 

“ Green ” 

20 6 

3(» H 

28 2 

2h 

5 

50 

0 

“ Blue ” 

87 2 

31 h 

27 0 

31 

9 

112 

0 

Wave lengths of test 
lights 








“ lied ” 

/ 6429 

1 6803 

6655 



_ 


1 6171 

; 6078 

6429 

- 

- 

- 

“ Green ” 

/ 5474 

, 6496 

5576 

— 

- 



1 5299 

5362 

5449 

- 



- 

“ JWue ” 

/ 4693 

; 4872 

4819 


- 

1 

- 

\ 4567 

j 4771 

4721 


“ 
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EbsuUh 

A Area of the pupil Judging by the experiments recorded m Tables 
I (a) and IV (a), the modifying hghts caused a narrowing of the pupil equivalent 
to a decrease in illummation of from 50 to 80 per cent In other words, the 
efI<H t of the modifying lights is overestimated because of the narrovnng of the 
pupil, but this difference would amount to less than a doubling of the intensity 
of the absolute threshold Therefore any increase in threshold amounting to 
more than double of the absolute threshold cannot lie accounted for by changes 
in the aperture of the pupil 

B When we examme the influence of one region of the retma on another we 
must describe separately observations made with the fovea and with regions 
of the retina outside it 

Foveal Vision One Eye 

In the fovea the mfluenie of surrounding illummation is < omparatively 
slight (Tables 1 (a) and II (a)) The threshold for the test light is raised by 
the modifying light to about twu e or thrice tliat of the absolute threshold and 
part of this difference is due to luirrowmg of the pupil In the eariier experi¬ 
ments (not recorded in the tables) the area of surrounding lUuimnation was 
used witli visual angles of 14", 29" and 43", but the magnitude of the areas of 
illumination bad no appreciably different effect on th(' threshold of the test 
light The aperture in the mirror subtended a visual angle of 3" thus there 
was a narrow darker margin separating the test and modifying lights Com¬ 
parison of the magmtude of the effect of surrounding illummation with that 
given by actual superposition of the test and modifymg lights suggests that it 
18 possible to explain the whole of the mcrease in threshold, due to concentric 
illununation, as the result of narrowing of the pupil and of “ stray ” light 
On the other hand, it will be shown later that a corresponding rise m the thresh¬ 
old 18 caused by illumination of the opiiosite eye (Tables IV (a) and V (a)) 
In view of the narrowing of the pupil, the effect of stray light and the action 
of illuminating the opposite eye, the above expriments recorded in Tables 
I (a) and II (a) c^miot be considered as furnishmg evidence of mterfeience 
of one area of the xotma with another by interconnections between nerve cells 

Vmon with One Eye Outside the Fovea 

The results under this headmg are m strikmg contrast to those obtained 
with foveal vision There is 4 marked effect of a surrounding area of illamina- 
tion on the visibility of the test light (Tables I (b) and II (b)) The magnitude 
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of tke incxoafle m threshold precludes the possibility of any narrowing of the 
pupil being the sole cause of the increase m the threshold 
It would be expected, m view of the vanations in sensitivity of difierent 
parts of the retina (Baird, 1905, and Wentworth, 1930) that the effects of 
different coloured suxtounds on different regions of the rotma would be very 
compbeated, therefore no exhaustive examination of the regional differences 
was undertaken It schemed, however, desirable to make some measurements 
at different degrees of eccentricity The combination, which had been found 
to give the greatest effect at 20° (“ blue ** test light with “green” modifying 
hght) was used, measurements were made in a honxontal plane on the 
temporal area of the retina The results are given m Table Ill and in fig 4. 


Table III —^Increase of threshold of test light produced by surroundmg illumina¬ 
tion with different eccentricities of vision for right eye of H E R 


Fixation 

1 

9 10 »l 

12 10 31 

18 10 31 

20 10 31 

so 10 SI 

1 

1 

j Average 

1 

1 

Approximate 
multiple 
of threenold 

1 

( 

1 

tnni 

mm 

luin 

1 1 

mm 

1 

mm 

mm 


Foreal 

6 S 

8 4 < 

0 5 

9 0 1 

10 4 

8 1 

3 3 

9' 

25 4 

30 2 1 

1 32 2 

30 8 1 

30 2 

32 2 

116 

IV 19' 

30 4 

38 H ; 

41 8 

46 0 1 

40 8 

40 6 

476 

IS* 27' 

47 2 

48 0 

i 47 8 

49 0 ; 

47 0 

47 0 

1160 


0 Binocular Vision 

By means of the stereoscopic lenses it is possible to combme the image of the 
test light m the loft eye with that of the modifying light m the right eye By 
suitable adjustment of the unit M, fig 1, consisting of lens, prism and ground 
glass, the test light may be made to appear as if it were shining through the 
hole m the mirror or as if it were shming on the illuminated surface of the 
modifying light Thus the test light would appear either as if it were shining 
on an uiullumiiiated area or on a coloured surface The object of these 
expenments was to decide whether stimulation of one retina affected the 
vkibibty with the other and, if so, whether thc" effect was general or limited to 
corresponding points 

Table IV (a), V (a) and VI (a) show the increases m the threshold of the 
test light when it appears as if shining through the unilluminated centre of 
the modifymg bgbt Table IV (6) shows the changes m the threshold of the 
teat lights when appearing os if on the coloured surface of the modifymg lights, 

VOt. €X,—B. 2 K 
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Tn binocular ezpenmenta, when attempting to oomibme the two unagea 
80 that the test light would appear on the dark area, the dizectioii of the vunal 



Fio 4 —Vanation in effect of aurrounding illanuiiation with different distanoee from tiie 
foToa, uung a " green " surround and a “ blue ** test light Absoiase, degrees from 
centre of the fovea Ordinates, multiples of the threshold of the test hght 

axes might unintentionally wander so that the image of the test light would 
fall outside the fovea That the visual axes did not move is shown by the 
constancy of the thresholds for if the image did &11 outside the fovea the 
results would have been irregubr and some of the differences m the threshold 
might have been considerable In fact, the measurements are practically 
identical with those yielded by the corresponding appeanmee obtained when 
the two lights arc sluning in the one eye (compare Table I (a) with IV (a), 
V (a) and VI (a)) In the bmoculat case the result cannot be due to " stray ’* 
light 

The slight raising of the threshold when the light appeared as if »l»ming 
through the hole m the mirror (that was in fact before the other eye) is not 
entirely due to narrowing of the pupil, as an artificial pupil was used in some of 
the experiments The degree of rise m the threshold does not semn to depend 
on the colour qualities of the U^ts 

'When the test light appears as if it were nbinmg on the ilhiinmated area 



of Tiimhold of Test Light pxodnoed by Bmocolar Combmatioii for Vision of H E R. 
(a) Test Light appeanng as if on Central Umlluminated Area 


of Coloured Surrounds on Visual Thresholds, 
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Table V —Increase of Threshold of Test Light produced by Binocular Superposition on 
_ Mcdifymg Light for Foveal and Extra Foveal Vision of _ 


j 

Tent light 

26 1130 

26 11 30 

91M1 

10 1131 

1 

UU31 

i 

12 1131 

Average 

lil 

111 




(a) Foveal 






mm 

mm 

1 

mm 

mm 

mm 

mm 

mm 


•* *’ HcnMu 









“Red” 

10 4 

11 6 

9 4 

9 0 

8 8 

11 2 

10 2 

4 6 

•* Onen 

14 0 

14 0 

9 6 

9 8 

10 2 

12 4 

11 7 

6 7 

“ Blue 

10 2 

0 4 

13 6 

7 8 

9 6 

12 6 

10 6 

4 7 

“ Green ” bcpmui 









•'Bed'* 

4 (j 

3 4 

8 2 

10 0 

3 8 

10 4 

6 7 

2 7 

“ Gteen ” 

11 2 

13 6 

9 6 i 

12 2 

9 6 

14 0 

11 7 

5 7 

" Blue 

10 0 

7 4 

14 4 

9 4 

94 

11 3 

10 3 

4*6 

•* Blue ** screen 

1 









“ Red ” 1 

1 6 

2 0 

3 8 

6 0 

1 2 

4 2 

3 1 

1 6 

•• Oceen " j 

I < 

3 8 

3 0 

6 0 

2 0 

0 4 

3 9 

1 7 

“ Blue " 

1 

! 6 2 

0 0 

10 4 

1 6 

4 8 

5 0 

5 1 

2 1 




(6) Extn 

1 Foveal 

(2r) 




” Bed ** Hon^n 









“Red* 

2 6 

6 2 

6 6 

10 0 

11 8 

13 6 

8 3 

3 4 

” Green ’ i 

10 6 

16 4 

9 2 

12 8 

13 2 

8 8 

11 7 

6 7 

“ Blue •’ ' 

11 2 

11 4 

17 2 

14 0 

9 6 

7 0 

11 7 

5 7 

“ Green “ Hcreeii 









“Rod” 

4 0 

6 6 

10 4 1 

14 4 

12 4 

18 6 

10 2 

4 6 

“ Groon ” 

11 0 

14 6 

11 2 

14 0 

11 4 

11 0 

12 3 

6*2 

“ Won ” 

9 4 

1 

14 8 

18 8 

15 0 

15 4 

18 4 

16 3 

9 4 

“ Blue ** ^tn'ou 









“Bed” 

1 0 

6 8 

0 (» 

13 4 

13 8 

9 6 

B 7 

3 6 

“ Giwn ” 

7 0 

4 6 

9 0 

16 2 

10 6 

6 2 

8 7 

3 6 

“ Blue ” 

(1 8 

12 2 

16 2 

13 0 

1 

10 6 

11 0 

11 7 

6 7 

Wave lengthB of 









tent lightR 









“ Bod ” 

/ 632H 

6377 

6678 

6779 

6629 

6666 

-w 


\ 6163 

6177 

6603 

6666 

6429 

6429 



“ Qnen “ 

/ 6449 

5495 

5449 

6551 

6397 

6676 




\ 6276 ! 

6362 

6299 

6824 

6276 

6397 



“ Woe “ 

1 

/ 4746 

4669 

4646 

4844 

4872 

4771 



\ 4623 

4623 

4648 

4721 

4746 

4669 
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Table VI —Increase in Threshold of Test Li|^t Produced by Binoonlar Super* 
position on Modifying Light for Foveal and Extra Foveal Vision of 
HER 


Tost iightM 

4 1131 

eii 31 

Average 

Approximate 
multiple 
of threshold 

1 


(a) 

1 Foveal 




mm 

mm 

mm 


** Red *’ soreen 





“Red” 

12 0 

12 8 

12 7 

0 5 

“Graen* 

8 2 

12 8 

10 6 

4 1 

“ Blue ” 

11 0 

0 8 

10 4 

4 7 

“ Green *’ soieen 





‘Red” 

i) 6 

0 8 

8 2 

3 3 

“ Gteen ” 

8 8 

8 0 

9 7 

4 2 

Blue ” 

13 4 

7 8 

10 5 

4 7 

“ Blue ” floroen 





“Red” 

3 0 

5 0 

4 0 

1 8 

* Green ” 

3 0 

5 8 

4 4 

1 0 

“ Blue ’* 

10 2 

o 2 

7 7 

3 1 


(b) Extra Foveal (21° 

) 


“Red” screen 





“Rod” 

13 0 

14 6 

14 1 

8 0 

** Green * 

35 8 

24 1 

30 0 

83 2 

* Blue” 

38 4 

40 4 

30 4 

325 0 

“ Green ” screen 





“Rod” 

1 18 4 

10 6 

14 5 

8 6 

“ Green’ 

38 0 

25 6 

31 2 

109 0 

“ Blue ” 

:i8 8 

48 2 

43 5 

010 0 

“ Blue ” screen 





“Rod” 

11 4 

12 2 

11 8 

5 7 

“ Green *’ 

31 8 

10 0 

14 3 

30 2 

“ Blue ” 

38 8 

51 0 

45 2 

780 0 


WAvo-lengtba of test lights 

“Red** 

•• Qnen ** 

“ Hue *’ 
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theare u a greater mcrease in the thresholdB and the quality of the light does 
then seem to have some influence The ** red modifymg hght seems to raise 
the thresholds of all the test lights to about the same extent; the “ green ** 
modifying bght raises the thresholds for the “ green ” and blue ” test lights 
more than it raises the threshold of the red ” test light, and the “ blue ’’ 
modifymg hght causes a progressive mcrease m the thresholds of the test 
lights from the long to the short wave-lengths 

A few measurements were made usmg regions of the retina outside the fovea 
It was not possible to make measurements when the test light appeared as if 
shining through the hole m the mirror because it was too difficult to make the 
two fields superimpose correctly Therefore only observations are recorded 
when the test light appeared as if on the coloured illuminated surface (see 
Tables V (a) and VI (a)) 

PaBT n —SmiTLTAKEOUB ILLUMINATION OF THE SaME ReTINAL AaEA 
Expenmental Methods 

Two methods were used For the first method the optical arrangement used 
was that described m the previous paper (Roaf, 1928), except that instead of 
two illuminated areas bemg shown side by side on the ground glass screen and 
then superimposed, one large lUommated area and one small test area were 
used, which could be arranged m superposition The optical arrangement is 
shown m fig 5 The image of the disc aperture m diaphragm A, on which the 
spectrum is formed, is projected on the ground glass screen £ by means of the 
pnsm (P) and lens (L) At the same time the lens (L) forms a large patch 
of colour from the colour filter on the same ground glass (E) The diaphragm 
at A and the ground glass screen at E occupy conjugate planes and the opal 
lamp in the opaque box and the ground glass screen E also are situated m 
conjugate planes 

By this system it is possible to measure the threshold of the light passing 
through A by itself, usmg a photomotnc wedge in front of A and remeasuze 
the threshold when the light m the opaque box is turned on By means of the 
shutter the mtensity of the modifying hght could be voned 

For the second method a spectroscope with two coUimators was used (Roaf, 
1927, p. 381) One colhmator had the longest slit that could be fitted to it. 
The other had a short sht about one-third the length of the other. These 
ooUunators were so arranged that the spectrum from the amallea: sht occupied 
the centre of the other one On looking through the eyepiece a sht-shaped 
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ftpertuce was visible which was illuminated by three patches of bght, the 
i^pper and lower being produced by one spectrum and the middle by the super* 
position of both spectra The shorter patch is the test light and the longer 



Fra 6 —Airangomenta for superpoaition of test light on a large area of modifying light 
The light in the opaque box 10 focuHsod by the large lena (L) on the ground glaas Boreen 
(K) forming a largo illuminated area of tht loIout of the colour ill ter The intensity 
of the modifyuig light can l>e altered by the adjustable shutter The light from the 
disc aperture in the spootroecopio lantern is focussed by the small lens (B) and the 
large lens (L) with the intermediation of the totaU> reflecting prism (F) on the ground 
glass screen (E) The ground glass screen (E) is at a conjugate plane to the dia¬ 
phragm (A) and also to the light in the opaque box The observer seated beyond 
the gronnd glass screen sees a small image of the disc aperture on the large coloured 
background The spot of light can be interrupted by a slowly revolving sectored 
disc This apparatus without the totally reflectmg prism and the optical parts to the 
side was used for the modifying light in fig 1 The large ground glass screen (B) 
in that figure represents the ground glass screen m this one 

one the modifying light By means of photometnc wedges the threshold for 
either collimator could be determined separately and the thresholds redeter¬ 
mined when both collimators were transmitting light 
In aome of the experiments the light from the shorter slit was interrupted 
by a slowly rotating sector for the same reason as that given on p 451 The 
figures plotted exhibit the differences between the tlireshold of the test light 
seen alone and when superimposed upon the modifying light Each measure¬ 
ment of the threshold is the average of five separate readings 


ReBvUs 

The xesults are shown by a series of curves and they agree with those described 
in a previous paper (Roaf« 1928). Figs 6to 11 show the effect of a large illumi¬ 
nated sxest at different mtensities on the threshold of the tost lights for foveal 
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Fiq 8 —Effect of “ green ” background on differential threaholde for fovea 1 and extra 
foveal vieion of right eye of H E R AbeciaaeB, opening of shutter in millimetres^ 
full opening being 135 mm , the readings being proportional to the intensity of the 
modifying light Ordmates, multiples of the threshold of the test light 

-“z«d” test light, tim-msl on 720, and 6«20-6464l on 

23 7 20 

- “ green ” tost hght, 3474-^324 k on 23 7 20 

"blue” test light, 4803 48101. on 22 7 20, and 4771-4721 A on 
23 7 20 

The degree of eccentricity and date of expenment is mariced against each curve 

and for extra foveal vision The “ red ” background raised the threshold for 
all the tost lights to about the same extent for both foveal and extra 
foveal vision The “ green ” background raised the^foveal thresholds for all 
the test lights to about the same extent as did the “ red ” backgronnd The 
threshold outside the fovea for the “ red ” test bght was raised to about the 
same extent as the foveal thresholds for all the test lights, but the thresholds 
outside the fovea for “ green ” and for blue ” were raised to a considerable 
extent The “ blue ” background raised the foveal thresholds for the three 
test to a less degree than did the ** red ” and “ gre^ ” backgrounds 
The “ bine ” background likewise raised the thzeehold outeide the fovea for 
'* red ” but slightly. On the other hand, the “ blue ” background raised the 
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tlireaholds outside the fovea for the ** green ” and “ blue ” test hghta to a 
considerable degree 



Fig 9 —Effect of “ green ” background on differential threahaJda for foveal and extra 
foveal vision of nght eye of H £ R Abscum, opening of the shutter in nuUimetres. 
full opening being 135 mm , the readings being proportional to the intensity of the 
modifying hght Ordinates, multiples of the threshold of the test lights 

-<• red ’* test light, 6877-6177 JL on 3 10 80 

-. << green " teat light. 6661-6474 JL on 7 10 80 

“ blue " test hght. 4610-4771 JL on 7 10 30 

The degree of eocentnoitv u ntiuked against eaeh curve 

With the spectroscope fitted with two ooHimators the observations were 
confined to foveal vision Figs 12, 13 and 14 show the lesnlts on three 
mdividnals using difierent intensities of the badq^round or modifying hght. 
It 18 seen that the “ green ” and “ blue ” modifying h^ts have least elEeot on 
the thresholds for " zed,” and the readings actually show, with the weaker 
mfynsities, a fall in the threshold for “ red,” but these difiezences ate too small 
to mdioate defimtely an actual metease m sensitivity, to the “ red” test hght 
The ” red ” background raised the threshold of test lights of all odonzs mote 
than did either the " green ” background or the ” blue ” baokgtoond. 

Fig 15 shows the extent to which equal multiples of the threshold cd the 
modifying lights laise the thresholds of test lights of dxSerent wave-lengths. 
Fig 16 shows corresponding curves for anodier observer. There are two 
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□'pening* of shutter, in millimeters 

Fia 10 —Effect of “ hlae ” background on differential thresholds for foveal and extra 
foveal vision of nght eye of H E R Abscisiue, opening of shutter in millimetres, 
full opemng being 135 mm , the readings being proportional to the mtensitv of the 
modifying light Ordinates, multiples of the threshold of the test hght. 

-“ red ** t4Mt light, 6429-6202 k on 22 7 29, and 6629-6454 k on 

23 7 29 

- — “ green ” test light, 5474*-5324 k on 23 7 29 

“blue” teat light, 4893-48191 on 22 7 20, and 4771 4721 A on 
23 7 29 

The dpgree of eooeutncity and date of experiment w murked against each purve 



Fia 11 —Effect of “ blue '* background on differential threaholda for foveal and extra 
foveal vision of nght eye of H E R Absoiaee, opening of the shutter In milkmettee, 
full opQoiag beuig 135 mm , the readings being propartional to the intennty of the 
modifying light Ordinates, multiples of the tfare^ld of the test lights. 

-. "red ” tert light, 6377-61771 on8 10 30 

-" gnm ” tort light, 6651-41474 JL on 7.10.30 

. .. “bhw” test light, 4819-4771 A. on 7 10 30 

The degree of eoomitrioity is marked against each curve 
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outstanding features of these curves Firstly, the curves in fig 16 tend to be 
hcmontal at the long wave-length end of the spectrum, but themeasuxementa 
of fig 16 were not taken at sufficiently long wave-lengths to show the hon- 
zontal portions This mdicates that for any one background the effect on the 
“ rod ” test light does not vary with the actual wave-length of the “ rod 



Fio 12 —Effect of different inteiuutieB of vanous backgrounds on differential thresholds 
of H E R Absoissee, multiples of the threshold of the background Ordmates, 
multiples of the threshold of the test lights 

-** red *’ background, 6214 A 

- “ green ” baokgroimd, 6404 A 

» ** blue “ background, 4708 A 

Wave-length of test hght marked against each curve 

provided that it has a wave-length longer than about 6200 A, With test 
lights from other parts of the spectrum a slight change in wave-length of the 
test light makes a considerable difference to the effect on the threshold* In 
other words, the ‘‘ red ” of the spectrum varies only m intensity but not m 
quahty, in fact it is “ physiologicaUy monochromatic ” This peculiarity 
was noted previously (Boaf, 1930), and fig 18 is another example which is 
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inserted here to show that when a number of measurements are made at the 
** red ” end of the spectrum there is no tendency for the curve to have any 
luohnation m that region In the experiment from which fig 18 was drawn 
there was no attempt to equalise the mtensities of the hackgroiuids 



Fio 13 —Eilcot of different intensitieH of vanoivt baokgroundA on differential thresholds 
of D R Abaeuwet niuitiplcw of threshold of baokgrouudR Ordinatus, multiples of 
threshold of test lights 
^ « i-ed ” liackground, 6214 k, 

--** green ” background, 6404 k 

“ blue ” background, 4708 A 
Wave-length of tost hght marked against each curve 

This behaviour of lights of wave-lengths longer than 6500 A has been noted 
by others^ but it is Buxprismg that it extends so far into the orange ” as is 
shown in some of the curves It may be that the experimental method em¬ 
ployed does not lend itself to show small differences at that region of the 
speotnun, 
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Secondly, the effect ol any background la always greater on the shorter wave¬ 
lengths than on the red ” test lights. This can be correlated with the great 
decrease in sensitivity to the shorter wave-lengths on adaptation to light. 



Multiples of threshold of backgrounds 

Pio 14 —^Effect of diffenoit intensitieB of yanous baokgrontids on ditferentAsl thresholds 
of R M AbsoisuB, multiplefi of threshold of backgrounds Ordinates, multiples of 
threshold of test lights 

-“ Ted ” background, 6214 A 

-**green" background, 5404A. 

" blue " background, 4708 A 

Wave length of test light marked against each curve 

On account of the different law relating bnghtneas to intensity at different 
wave-lengths another comparison was made Three regions of the spectrum 
were compared by the “ equahty of brightness method and the multiples 
of their thresholds measured when they appeared of equal brightness. Fig 17 
shows the result of an expenment m which the modifying lights were such 
multipleB of their respective thresholds that they would have appeared of 
equal brightness 
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The onrveB abovn m figs* 15 and 16 correspond to the values given by the 
curves in figs 12,13 and 14 where they cut vertical lines drawn fiom the axis of 
tile abscisssB for a value of 83 times the threshold The curves shown in fig 17 
correspond to the values given by the curves m figs 12,13 and 14 where they 
cut vertical bnes drawn from the axis of the abscissss for values of 83, 363 and 
4467 tunes their respective thresholds for “ red,” “ green ” and “ blue ” 
bacligrounds respectively That the values recorded m figs 15,16 and 17 arc of 
about the nght order mdicates that the values arc approximately correct 



15 —^Effect of equal multiples of the threshold of the background on differential 
threshold of H B R Abaoisssa, wave lengths of test lights Ordmates, multiples of 
the threshold of test lights 

-- «i-ed ” background, 1, 6428 A. on 5 3 31, and 2, 6300 A on 27 10 31 

-*• green ’* background, 3,5404 A. on 10 3 81, and 4, 5274 A on 27 10*81 

“ blue " background, 5,4797 A* on 11 3 31, and 6, 4605 A* on 28 10 81 
X X X X violet '* background, 7,4487 A on 17 8 31 

Ihscusnon 

The results mdicate that the thresholds of the test lights are markedly 
influenced by two factors 

Foe foveal vision the thresholds are raised mainly as the result of sunuU 
taneoufl exposure of the same area of the retina. 

For vision outside the fovea a neighbouring area of illumination can cause 
a oDQsideiable increase of the threshold, possibly due to mterconnections m 
the layers of the retma 
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Foveal Vtston totth One Bye* 

Evidence has been obtained that the influence of neighbounng regions is 
negligible for foveal vision (Tables I (a) and II (a)) and that the decrease m 
illumination of the retina due to narrowmg of the pupil is small It must be 
pomted out that the test light and modifymg light were not m contact, but in 
one experiment m which they wore brought into contact a similar result was 



Fra IS —Ktifect of equal multiples of the threshold of the background on differential 
thresholds of H F AbscissoB, wave lengths of test hghts Ordinatesp multiples of 
tlireshold of test lights 

- - “ red ’* background, 6300 A on 24 6.81 

“ green ’* background, 5404 A. on 26 6 81 
“ blue ’* background, 4708 A on 80 6 81 


obtamed The closer the two lights the greater will be the overlap of illumi* 
nation due to spherical aberration and other optical processes Therefore it 
must be understood that the spread of effect is negligible over a distance 
represented by a visual angle of about 1® 

The effect of superposition agrees with that previously described (Boaf, 
1928) The '' red ’’ background raises the threshold for the whole speotrom 
whilst the “green” and “blue” bacl^unds have eomparaitvely little 
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effect on the long wave-length end of the spectriun Theae effects were 
investigated from several pomts of view First of all, the thresholds m the 
dark might not be correct A fixation pomt was not used when observing 
through the speotroscope The precautions taken to measure the thresholds 
are described above (p 452) The experiments recorded m figs 12, 13 and 
14 were earned out in order to control the values of the absolute thresholds 
If, owmg to inaccurate fixation, the absolute thresholds wore too low, fixation 



Fig 17 —Kffect of equal bnghtnesBce of background of various wave-lengths on differential 
thresholds of H £ R Abscissse, wave lengths of test lights Ordinates, multiples 
of threshold of test hghts 

- “ red background, C0OO k , 83 times the threshold on 4 11 31 

-** green background, 5291 Ju at 368 times the threshold on 30 10 81 

“ blue background, 4708 A., 4407 times the threshold on 2 11 31 

of the diieotion of vision by tbe weakest modifying light would cause a great 
increase m the threshold, but there would be relatively less difference with 
the higher mtensities of modifying lights Many of the curves are approxi¬ 
mately straight lines of wbch the formula is 

Log mteiuaty of test light = A; x log mtensity of modifying light + a constant 
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FiO. 18 —Effect of unequal intensities of background of venous wave lengths on differential 
thresholds of H K K Absoissas wave-lengths of test hghts Ordinates, multiples 
of the threshold of test lights 

-- “ red ** background, C214 A on 17 6 90 

-“ grmn " b«uikground, 64041 on 17.0 90 

“blue “ background, 4708 A on 18 6 30 


If one caloulatea the values of h from the extreme values of the curves the 
following values are obtained — 



1 Fig 11 1 

Fig 12 

Tig 13 

Average 

** Red ” bMkffnnmd 

1 019 

1 270 ' 

0 897 

1 008 

'* Oteen '* bsoluproimd 

0 836 

0 873 

0 006 

0 872 

“ Blue ’* beckground 

0 676 

0 768 

0 660 

1 

0 698 


The above values axe only approximate as some of the curves ate not straij^t 
Imes. Further (see discuBsion later, m connection with figs 6 to 11), it la 
probable that the curves do bend at the lower values The values of A axe 
much greater than one would expect for the Webw-Fechner Law as detexinmed 
for higher mtenuties and with mixed white li|^t. This difietence suggests that 
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the curves bend at highervalues ItiscunousthattheWeber-FeohiierLaw has 
not been investigated previously with light {rom limited regums of the spectrum 
Eztrapolatmg from all the ourves towards the base Ime, it is foimd that the 
average value would be practically at the junctum of the ozib of the absmsaa 
Ime with the axis of the ordmates The curves for the “ red ” test lights are 
probably concave whilst whose for the “ green “ and “ blue ’’ test lights may 
be convex 

Table VII —^Decrease in Threshold for “Bed” Test Light when Superimposed 


on “ Green ” and on “ Blue ” Modifying Lights for Bight Eye of H E.R 


Rg 

Baokgi 

Wave-langthfi 

A 

round 

Multiple of 
thrasWd 

1 

Wave lengthR 
A 

Tent light 

mm 

Multiples of 
threshold 

Q 

4708 

4 4 

0328 


1/11 

10 

5404 

4 4 

8233 

-6 

1/2 1 

10 

4708 

4 4 

8313 

-8 

1/3 2 

10 

4708 

63 2 

6313 


1/2 1 

11 

4708 

4 4 

0362 

-5 1 

1/2 I 

11 

4708 

83 2 

8362 

-1 

1/1 I 


In figs 12, 13 and 14 several ourves start from the base Ime some distance 
to the light of the origin That is because these curves showed an actual 
increase m sensitivity with the weaker illummations. These figures for the 
metease in sensitivity are tabulated above (Table VU) The differences are 
small and might be due to summation of submmimal values of the test lights 
with “ stray ” light, but they show that even if the “ green ” and “ blue ” 
botfiegrounds do not reinforce the “red” test light they do not interfera 
appreciably with its visibility at the lower mtensities of the backgrounds 
This suggestion of a decrease in the threshold for “ red ” with “ green ” and 
” blue ” backgrounds is of the same nature as that discussed m the preceding 
paragraph, namely, that these curves are concave. 

In addition to the difficulty discussed above m relation to the measurements 
of the absolute thresholds a second difficulty presented itself, namely, how to 
oompaie the intensities of lights of different colour with one another The 
energy value of the light cannot be used because the bn^tness for the same 
energy value is not the same for different wave-lengths. Even if one usee an 
arbitiaty oompanson, suoh as the “ flicker ” method, the two brightnesses 
will no longer be equal if the energy of each le equally reduced or mexeased 
beoause of the Purkmje phenomenon Two methods of oompanson have 


2 t 2 
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been used, namely, to make measurements of the baokgtouads at equal 
multiples of the threshold and at equal brightnesses 
Figs. 15 and 16 show that when the backgrounds are equal multipIeB cd their 
respective thresholds, the thresholds of the “ red ” test li|^te are raised much 
more by the “ rod ” than by the “ green ” or “ blue ” backgrounds 
A measurement was made by the “ equality of brightness ” method of the 
multiples of the threshold when the lights appeared of equal brightness This 
measurement was carried out by the arrangement of the spectroscope as used 
for the measurement of disenmination (Roaf, 1927) 

A light of 6300 A 83 times the threshold appeared equally bright as (me of 
5291 A 325 times the threshold, and also equally bright as one of 4708 A 
3802 tunes th<' threshold Fig 17 shows the result with backgrounds of 6300, 
5291 and 4708 A at 83, 363 and 4467 tunes the threshold respectively Once 
mon> one sees that the threshold of the “ red ” test light is raised less by the 
“ green ” and “ blue ” backgrounds than by the “ red ” <mc 
The “ red ” of the spectrum shows another chaiartenstic feature When 
dififerent wave-lengths of “ red ” are used as test lights it is found that for 
any one ba( kground the threshold is equally raised This equal effect of the 
background on the different test lights suggests that whatever receptors ate 
stimulated they ate stimulated m the same ratio, but it does not necessarily 
imply that only one type of receptor is stimulatiHl. This uniformity of the 
" red ” of the spectrum, namely, that it does not differ m quality but only m 
brightness can be expressed by saying that it is ** physiologioally m<mo- 
chromatic ” Fig 18 shows this phenomenim by the almost honsontal he of 
the curves at the long wave-length end of the spectrum 
With all the backgrounds m figs 12 to 18 it is aeea that the thresholds of 
the shorter wave-lengths are raised to a greater degree than those for the longer 
ones This greater morease m the threshold must be related to the greater 
change m sensitivity of the f<nmet than of the latter durmg adaptatiim Thus 
any light shining on the retina raises the threshold for “ green ” and “ Uae '* 
There is a peak m the curves about 4900 A. which suggests that adaptation 
for “ blue ” is less than for “ green ” There is a possibility that the “ vudet" 
of the spectrum contains a “ red ” element, hence the deineased effect m 
mcieasing the threshold 

A curve showmg similar low values at the eztaemes the speotmm is gmm 
by Hecht (1931, (i) and (ii)) from the results of Frieet and Ksekwede (1926) 
The latter do not give curves, hence Hecht mnst have obtamed his csirves from 
unpubhahed data The maximum of the carve given Hecht does not 
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eonespoad in wave-length with the maximnm figs 15, 16, 17 and 16, ao it 
IS doubtful whether there is any relation between these resolts and those of 
Priest and Brickwede 


Futon Outsuie the Fovea mA One Eye 

Tables I {b) and II (b) show the marked action of a noighbounng field of 
illumination on the thresholds of the tost lights The thresholds of “ green ” 
and “ blue ” are raised more than that for “ red,” which is probably related 
to the greater degree of adaptation of the penpheral retina for short wave¬ 
lengths 

The long wave-lengths show an individuality, namely, that they do not ruse 
the thresholds to the other lights, nor are th^ affected by the other lights to a 
marked degree This indmduahty is shown in two other ways namely, the 
less effect of the shorter wave-lengths on “ red " desenbed m the previous 
section and the relatively low sensitivity to “ red ” of the penpheral retina 
It IB not easy to decide how neighbouring illumination raises the threshold 
for the test lights The refraction of ecoentno rays may differ from those 
falling on the fovea, thus images may not be so sharp and some of the effect 
may be due to “ soattenng ’* with consequent superposition of h^t. b 
view of the magmtude of the effect and the different way in which the quality 
of the light affects vision outside the foveal, as contrasted with foveal vision, 
it does not seem possible that the whole motease m threshold is due to 
unperfeot formation of images on the retma outside the fovea 
Ram6n y Cajal has shown that there ate lateral connections between different 
parts of the retina, and Adrian and Matthews (1928) have given eiqierunental 
evidence for mterconnections in the eel’s eye 
Ghiamt and his co-workers (1930, 1931) have shown that with multi]^ 
rotating discs the mterval for extmction of “flicker” is less with several 
duos than with a smgle one They ascribe thu difference to “synaptic 
oonvezgenoe ” It is difficult to know how much of the difference u due to 
cross lUummation from one disc to the image of the other, thus actually 
increasing the intensity of illumination with consequent decrease m the interval 
for abohtioa of “ flicker.” This scattermg of light was discussed m a previous 
paragta]^. If the meteases m threshold on the retina outside the fovea ate 
not due to imperfect formation of images the results show mote striking 
evidence than that of Oxamt for “ synaptic convergence ” either in the retma 
or centrally. In a paper on the influence of wave-length (m acuity of vision it 
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vas pointed out that the poor acuity in “ Uue *' li^t might be doe to a number 
of receptors being linked to a single ganghon cell (Roaf, 1930 (i)). 

Whatever the explanation may be, the motease m thredmld due to neigk- 
bourmg illiunination must he an important factor m the adaptation to light 
(induction) of the retina outside the fovea. 

Superposition of lights on the portions of the retina other than the fovea 
produces decrease in sensitivity comparable to that shown by nei^bounng 
lUuinination Figs 6 to 11 show curves m which it is seen that the thresholds 
outside the fovea are not raised by a “ red ” background to as great a degree 
as those of the “ green ” and “ blue ” test lights by the “ green ” and “ blue ” 
backgrounds As m figs 12 to 14 the racasuremcnts were made with difiercnt 
intensities of background The bend m the curves with the lowest lUumina- 
tions, figs 6, 8 and 10, indicates that if the measurements could have been 
made with still lower intensities of background they would have commenced 
at the absolute threshold Further, the same absolute thresholds were used 
for the " red ” backgrounds, figs 6 and 7, theref^ the high values m figs 8 
to 11 cannot have been duo to misreadings of the absolute threshdds As 
in the section on foveal vision, it seems that the absolute thresholds axe not 
greatly at fault It is impossible to state how much of the meuease m thresh* 
old IS due to neighbounng illumination and how much to superposition of the 
lights 

Although the light transmitted by the " blue ** screen, as judged by the fovea, 
IS a lower multiple of its threshold than that transmitted by the “ red ” and 
" green ” screens, the magmtude of the effect on the retina outside the fovea 
IB remarkable, figs 10 and 11 This result shows how impossible it is to ap{dy 
the same standard of intensity to the foveal retina and to parts outside of 
it 

Btnooular Fwton 

The mcreases m threshold due to bmocular combination <d the test light with 
the modifying light, so that the test light appears as if shining through the hole 
m the minor, are small, and of the same order as those due to surrounding 
illumination in foveal uniocular vision These differences cannot be due to 
retinal interaction but must be due to cenixal processes. Is it possible that 
the similar effect in uniocular vision is partly due to central processes I 

When the bmocular combmation is arranged so that the test hght appears 
as if on the illuminated surface the diffetenoes m the threshold ate greater than 
when the light appears as if on the umllummated area The meteoses ate 
what one would expect if the hypothesis of colour vumn given ebawhen 
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(Boat, 1930 (ii)) were coneot, namely, that thece are three aeta of leoeptoiB, one 
Benjutive to the whole of the Bpectnimi a second sensitive to “ red ** and green/’ 
and a thud stimulated only by “ red ’*, thus “ rod ” light stimulates all three 
sets, green ” stimulates two, and ** blue ” stimulates one 

If " red ” light stimulates all three sets of receptors, the red sensation must 
be accompanied by mhibition of nerve impulses that would give rise to sensa¬ 
tions of green and blue This inhibition must not be too great, otherwise 
mixture of colours would be mterfered with It is seen, Table IV (6), that 
the '' red ” background has raised the threshold for all three tost lights If 
" green ” light stimulates the receptors for the whole spectrum as well as those 
sensitive from 4900 A to the extreme “ red,” then stimulation by it will give 
nse to inhibition of impulses that would otherwise produce the sensation of 
blue It IS seen in Table IV (6) that the green ” modif 3 rmg light raises the 
thresholds for ‘‘ green ” and for * blue ” more than for ' red ” If “ blue ” 
stimulates only thf* receptors for the whole spectrum it will have less effect on 
the thresholds for ** red ” and for ‘ green ” than for ** blue ’* It is seen that 
the thresholds are raised progressively from the long to the short wave-lengths 
by the “ blue *’ modifying light 

These differences are not very largo and, as pomted out above, one would not 
expect them to be great because then recognition of colour mixtures would be 
impossible Attention is drawn to them hero to show that the results 
are not contradictory to the hypothesis that “ red ” stimulates three types of 
receptors, green ’* stimulates two, and “ blue ” stimulates one Of course 
with high mtensities the limitation is not so specific and a sufficiently bright 
“ blue ” might stimulate all receptors to a certain extent with the result that 
the punty of the light would suffer, it bemg mixed with white 

It was not found possible to measure binocular vision outside the fovea with 
the test light apparently on the umllummated area, but some measmementB 
were made with the test light appearing as if it were on the coloured back¬ 
ground, Table V In most of the measurements the increase in threshold 
was not much greater than with foveal binocular vision, therefore suggesting 
that the uniocular effect outside the fovea is due to some retinal mterfeience 
and not to central processes Li two experiments a result similar to that found 
with umocular vision outside the fovea was obtained. Table VI It may be 
that the results were due to rivalry or that the diffuseness of localisation m the 
retina outside the fovea is also represented, to some extent, in the central 
nervous system. Unfortunately, no method has been evolved to decide this 
point. As shown m Table V, repetitions of these experiments gave results 
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agreeing with thoeo for foveal bmocular vuion, Tdiile IT (h) On the otlwr 
hand, the maolts ahown in Table VI may be due to aome imdiacoTered error in 
the experunenta 

The aubjeet of central inhibition of impulaea which would give nae to colour 
aeiiaatious, reqtures further examination There axe many obeervationa m 
bmocular viaion, auch aa the Fcchner eff^, which ahow that either ocelumon 
or inhibition la takmg place Hartridge (1915) ahowa an interesting example 
of mhibition of visual impulses (experiment 4, p 48) 

Allen and hia co-workors have pnbbahed many papexs on the mteraction of 
retinal areas which they describe as “ visual sensory reflexes ” They have 
found that illumination of one part of the retina can affect another part either 
of the same or of the opposite eye The observations were made by measuring 
the duration of the interval of interruption of light when a steady sensation 
was produced The Ime of argument seems to be that since the duration of 
mterruption must be shorter when the intensity of hght is mcreaacd, therefore, 
if the intensity is kept constant, and the duration of interruption is diminished, 
the light 18 then equivalent to a brighter light, or, m other words, the sensitivily 
of the rotma is increased It is doubtful whether sensitivity measured by such 
a method will correspond to sensitivity as measured by the threshold mtensity 
of light, Allen finds that the sensitivity of the opposite eye may be ertfaer 
moreased or dimmiahed depending upon the mtensity of the modifying lig^ 
According to the results described in the presmit mvestigation there is always 
a decrease m sensitivity of the opposite eye, that is, the mtensitieB correspiMid 
to the a-mtensities of Allen (1923, 1926) 

It IS well known that the sensitivity of the retina increases during dark 
adaptation, but according to Allen (1923, 1926, 1931) exposure to coloured 
lights of oertam mtensities increases the sensitivity Theiefote it is idear that 
the processes measured are not the same m both cases Allen measured 
differences at higher mtensities and by the flicker method, whilst daric adapta> 
tion IS measured by the decrease in the threshold for lij^t. 

Incidental Observatuma 

When using a " blue ” test light for foveal vision there is sometimes a sensa* 
tion of pulsation. This is most marked when the threshold w considembly 
raised, e p, by a " red ” modifymg light The sensation seems to be due to the 
rhythmical illumination of the retina outside the fovea, where the sensitivity 
for blue is much greater than on the fovea, by light scattered ” by the optical 
surfaces and eye media One must be careful not to confuse this sensation 
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of tho whole eye being illuminated with the mteiruptum of the tent light as 
seen by the fovea 

The effect of ** soattenng ” of light was frequently observed by the appear^ 
ance of a coloured veil, of the same colour as the modifying light, over the 
supposedly unilluininated area, as well as by the experiment of supenmposing 
the test light on the blmd spot It is the presence of this scattered ’’ light 
which makes it impossible to decide how much of the observed effect is actually 
due to superposition of light and how much to mteiference between nerve 
impulses acting on the same cell 

One stnkmg feature throughout the investigation was the c loser relationship 
between “ green ” and “ blue ” than between either of these colours and “ red ’* 
This similanty is seen also m the sensitivity of the extra foveal retma, in the 
adaptation to light and m the photochromatic interval 

Summary 

(1) For foveal vision with one eye, the differential thmshold for visual 
sensations is markedly affected by simultaneous illumination of the same area 
of the retina The quality of the light has a great mfluenc^e on the magnitude 
of the difference The long wave-lengths rais<* the threshold for the whole 
spectrum The shorter wave-lengths raise the threshold of the shorter wave¬ 
lengths but have comparatively little effect on the long ones Change in 
sensitivity due to the modifying light is the phenomenon known as 
adaptation to hght, sometimes known as temporal induction 

(2) For vision outside the fovea with one eye, illumination of a neighbouring 
i^ou of the retina can raise the threshold either by overlappmg of the images 
or by mterference with the conduction in the nerve paths of the retina or 
central nervous system Lights of various colour have different modif 3 rmg 
effects outside the fovea from those which they show inside it smee the “ green 
and “ blue ” have a greater effect than the red ” outside the fovea Spread 
of effect from one part of the retma to another is a factor in what is known 
as spatial induction 

(3) With famocular vision there is a slight increase in the threshold of one 
eye due to stimulation of the other, thus indicatmg central inhibition of nerve 
impulses 

(4) Some mmor pomts arising out of the mvestigation are discussed 

I have much pleasure m thanking the Tnistees of the London Hospital 
Besearoh Fund fc^ a grant &om which the expenses of this research have been 
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defrayed 1 have also much pleasure in acknowledging the help the vagdooe 
subjects for makmg the somewhat arduoue obeervutiaiiB. 

To Sir Charles S Sherrmgton I am much mdebted for hu mterest and he^ 
m the wntmg of this paper 
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The Bhyikrmc Discharge of Mcionewrones 

By J C Eoouds, M A., D Phi], Beseaich Fellow of Exeter College, and 
H E Hoff, B A , Senior Demy of Magdalen College 

(The Phyeiologioal Laboratoty, Oxford) 

(Communicated by Sir Charles Sherrington, F R S —Received February 9, 1932 ) 

(PLATIES 24 AND 25.] 

I iNTEODUenON 

Denny-Brown (1929) and Adnan and Bionk (1929) have described rhythmic 
discharges from the single motoneurones of extensor muscles during repetitive 
stimulation of a contralateral afferent nerve When the stimulation is not too 
infrequent, e g , when more than 10 a second, the rhythm of this reflex dis¬ 
charge bears no direct relation to the rhjrthm of the stimulation, but withm 
limits it vanes with the mtensity of the reflex stimulus, which m turn is depen¬ 
dent on both the rate and the strength of the stimulation Somewhere m the 
reflex centre the reflex stimulus gives nse to the rhythmic disrharge oharaoter- 
istic of the reflex response This paper describes an mvestigation mto con¬ 
ditions underlying the production of such a rhythnuc discharge bom a moto- 
neurone A prehminary account of some of the expenmental work has 
already been published (Eccles and Hoff, 1931) 

II Method 

The animal (oat) having been anaesthetised, the 6 th to the 9 th post-thoracic 
dorsal toots were divided extradurally aa the right side Decerebration by 
the trephine method followed immediately and the anaesthetic was disoontmued 
The right sedeus muscle was then completely freed from the surrounding tissues, 
care being taken to preserve its nerve and blood supply All the other nerves 
of both hw»d bmbs have been divided peripherally In almost all ozpenments 
(see p. 490) a skm mcision has been made completely circumscribing the right 
thigh. Shielded electrodes, E, have been applied to the central stump of the 
left popliteal or peroneal nerve, and to the mtact right popliteal nerve. A, so 
that this can be stimulated m contmuity, fig 1 The nerves have been pre¬ 
pared with their blood supply mtact, and have always remamed m good om- 
ditiou throughout the whole expenment. 
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Tetanic reflex reBponses of soleos muscle have been elicited by repetitive 
stimulation through electrodes E of the contralateral popliteal or peroneal 
nerve by condenser discharges from a neon tube apparatus By means of 
silver pins m the muscle the action-currents have been led to a stnng galvano¬ 
meter, and they have boon photographed by a falling plate camera at a plate 
speed of about 150 mm a second The nerve supply to soleiis has then been 
out down until there remains only one reflexly active motor unit This is 
mdicatod by the succession of identical action currents having a fairly regular 
rhythm, usually at a rate of 10 to 20 a second The cutting down has 
been done either peripherally as the nerve branches m the muscle or centrally 
by dividing the ventral root filaments Antidromic impulses to soleus moto* 
neurones have been set up by stimulation of the intact right popliteal nerve 
by electrodes A (fig 1) with induction shocks rather stronger than maximal 



VtSi 1 —Diagiani of the nerve pathways and oonneotionji E shows etootrodes on oootea* 
lateral poplitoal or peroneal nerve, and A electrodes on intact ipselateral popliteal 
nerve—the motor nerve to the soleus muscle m The atferent fibres of the ipselateral 
popliteal nerve have been out as shown 

for the motor nerve fibres A Lucas pendulum has been employed to set up 
two or three of such mduction shocks at known mtervals apart 
The description of experimental technique previously given (Eocles and 
Shemngton, IdSl, a) may be consulted for further details of the apparatus 
and the method of experiment Bandom variations have made it necessary 
to take a large number of observations m any one experiment, and altogether 
over 10,000 observations have been measured and calculated After each 
observation the contralateral stimulation has been stopped for a few seconds, 
and as a consequence the motoneorone has usually had a brief period of 
qutescence Undersach conditions fatigue has barely beesi appreciable when a 
XQOtoneurone has set up as many as 200,000 impulses m an experiment of 6 
hours' duration 
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No difficulty has been encountered m deciding whether or not a senes of 
action currents are due to the rhythmic discharge of a single motonenione* 
As shown in observation 1» fig 2, Plate 24, the discharge from a single xnoto- 
neurone is charaotenaed by a rhythmic sequence of action currents identical 
in shape and sisse In obsorvations 2 and 3 it is obvious that two motoneurones 
axe discharging rhythmically 


III Rssults 

1 Oeneral Features of the Crossed Etxtensof Reflex 

The features of the responses of a soleus motoneurone to a repetitive senes 
of centnpetal volleys in a contralateral nerve have already been described by 
Adrian and Bronk, and by Denny^Brown After a latent |)eriod of variable 
duration thon^ are usually two discharges separated by an interval of about 
10 er (double responses) and then a pause followed by a fairly regular rhythmic 
discharge, at first slow, but gradually accelerating to a rate which is main¬ 
tained for some seconds before a gradual deceleration sets m Immediately 
after cessation of the contralateral stimulation, the rhythmic discharge rapidly 
slows and usually soon stops In experiments with a well developed decere¬ 
brate rigidity, however, the rhythmic discharge may continue for an indefinite 
period 

On occasion there may be two or more of the double responses at the start 
of the reflex, and when the rhythm is very slow it may be interrupted by doable 
responses (Denny-Brown, 1929, fig 19) These double responses are always 
followed by pauses considerably longer than the normal response mtervals 
{cf p 490) In one experiment a strong repetitive stimulation of a contra¬ 
lateral nerve frequently elicited an mitial discharge of more than two impulses 
m quick succession, eg, close examination of the large initial action current 
in fig 3, Plato 24, reveals that it is made up of three supenmposed action 
cunenta 

2 Investtgatums on the Rhgthm of Reflex Dtsekarge 

It may be assumed that a rhythmic reflex discharge is set up by a eorre- 
sponditig rhythnuo activity central to the axon hillock of a motoneurone. An 
mvestigation of rhythmic reflex discharge therefore includes (1) a study of 
events durmg the cycle of rhjrthmic activity of the motoneurone , (2) a deter- 
tmnation of the relation of the events upstream from a motoneurone to its 
riiytimue activity, the mcudence of excitatory or mhibitory impulses from 
nemones next upstream; (3) an investigation mto the setting up of rhythmic 
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reflex impuLies by the rhythmic activity of m motoaeiixone. lii the pteBont 
research only (1) has been directly studied, but some evidence bears on (2) 
and (3) as well 

Bbythimc activity may be mvestigated by subjecting it to some influence 
which modifies the rhythm, e g, with the heart one may determine the effect 
on the rhythm produced by an extra-sjrstole set up by direct stimulation of the 
pace-maker (Eccles and Hoff, 1932) Direct stimulation of a motoneurone 
IS not possible with present technique, but a motoneurone may bo acted on 
indirectly by taking advantage of the antidromic propagation of impulses in 
nerve fibres (Denny-Brown, 1929, Eccles, 1931, Eccles and Shemngton, 
1931, b). 

A. The Effect of a Stngle Antichromw Impulae 

A smgle maximal stimulus, eg , a, break-shock, applied to an intact motor 
nerve sets up m each nerve fibre two impulses travelling m opposite directions, 
one centnfugally evoking a motor twitch, the other antidromically to the 
motoneurone attached to that motor unit Such an antidromic impulse may 
be ** backfired ” mto a motoneurone at any time durmg the cyde of its 
rhythmic reflex activity In each of the observations shown m figs. 4 and 6, 
Plate 24, an antidroimo impulse has been backfired mto a rhythmically dis¬ 
charging Bolous motoneurone at various phases of its cycle The rhjrthm is 
interrupted by the antidroimc impulse, and after a i^cle longer than normal 
the rhythmic discharge recommences at the same rate as before It also 
appears that the more a rhythmic cycle is curtailed by the actum of an anti¬ 
dromic impulse, t f, the shorter the curtailed cyde, the longer is the immediately 
tubteqtmi cyde 

In order to obtam mote precise information oonceming the relatum, if any, 
between the durations of the ourtaded oydet and the ootrespoading etibteyueiU 
oydea, a large number of observations have been made m each expemnent. 
In all these observations the normal rhythmic activity is resumed after the 
cycle subsequent to the antidromic impulse. This riiythm, however, differs 
from the imtial rhythm m phase, for the lengthening of the subsequent <^e 
does not fully compensate for the shortening of the curtailed cycle Attention 
need therefore only be focussed on the Bubsequent cyde and its relation to the 
curtailed cyde 

Measurements from the aotion-ounents of die muscle, ey , between D, G 
and J m fig 6, give the tune relations of events at the point where the anti¬ 
dromic impulse is set up, t.e, between E, E and L, for from there penpherally 
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«]! the impulses oonoemed ate tiaveUing m the same direotioii m the same 
nerve fibre * But from the motoneuzone to this pomt the antidronuc impulse, 
EF, tiavelB m the direotiou opposite to the reflex impulses, CK and HL, and 
BO an allowanee of twice the conduction timef has to be made m order to arrive 
at the correct time relations for the motoneurone, % e , between C, F and H 



Fto 6 —Diagram showing the passage of impulses to and from the spinal oord along a 
motor nerve fibre of soleus muscle Ordinates distance in centimetres from spinal 
oord A to muscle M, absouMsa time in sigma (c/ Eooles and Shemngton, 1981, o, p 
620). AB and CD are successive impulses disohiuged from the rhytAumoally active 
soleus motaneurono. At a point on the motor nerve a stimulus is apphed setting up an 
antidromic impulse EF and an impulse EG passing to the muscle ULJ is the next 
impulse disoharged from the motoneurone 


The curtailed cycle, DG, has to be increased by this amount and the subsequent 
cycle, QJ, decreased 

A senes of such calculations confirms the original conjecture that the shorter 
the curtailed cycle the longer is the subsequent cycle, but there is considerable 
scatter m any senes of observations That this is occasioned partly by 
vanations m the frequency of the rhythmio discharge seems evident from the 
diminished scatter of any group of observations havmg similar frequencies 
of normal rhythmic discharge Classification of a large number of observations 
mto a senes of such frequency groups reveals that within limits (see p 490) 
comparable results are obtamed with the different groups if the curtailed and 
subsequent cycles ate expressed as fractions of the durations of the respective 
rhythmic cycles. Instead of working with such frequency grouping it has 

* Slowing of on ImpnlM doe to propagatiou in the relatively refraoteny penod of a 
psevions Inpolse would be infrequent and insiguifioant. 

t This has been measured by a method identioal with that desonbed by Ekioles and 
Skenrington (1081| a). 
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been found more conTeiueiit to reduce the cyclee of each obsemtum to 
bcaotione of the aesociated rhythmic cycle, and, in coder to mmmuse the efiecrts 
of irregularities m the rhythm, the duration of the rhythmic cycle has been 
taken as the average of the ten normal cycles catering about the antidromic 
impulse 

After (alculation in this way the results of a senes of observations have been 
plotted m fig 7 with the lurtailed cycles as abscissse and the corresponding 
subsequent cycles as ordinates Scatter is still considerable, but at any 



Curtailed cycle 

Fig 7 --Action (4 a single antidromic impulse on the rbythnuo disohaige of a imleua 
motoneiirone Curtailed oycles plotted as ahaoioMB agauut aubaequent cycles aa 
ordinatcH, both being expresHecl aa fracliona of the average normal cycle 



Fio a—Aamfig 7 m another experiment 

particular region the standard deviation is comparable with the standard 
deviation obtaining f<n; the normal riiythm. The curve is slightly conoave 
upwards and passes throuf^ the pomts 0*1 1*5, 1-^0* 10 Therefore when 
the motoneurone is about to discharge an impulse, an antidnmuo impdee 
backfired mto it does not delay the discharge of the nesei impulse, but, when the 
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antidEomto impulse curtails the rhythmic cycle after only 0 1 of it has elapsed, 
the subsequent cycle is 1«5 times the normal cycle 
It is impossible to backfire ” into a motoneurons earlier than about 0 1 
of the cycle after a previous discharge, because an effective antidromic impulse 
cannot be set up until the immediately preceding reflex impulse has passed 
the stimulation pomt, i e , m fig 6 K must precede E An earlier antidromic 
impulse would be blocked by this outcommg reflex impulse As the antidromic 

impulses were set up in a purely random relation to the rhythmic discharges, 
this would occur m a considerable number of observations The aotion- 
cuxrents of the muscle give no mdii ation of this blocking, but it must have 
occurred with most of those observations havmg abscissal values greater than 
1 0, and, owmg to irregularities in the rhythm, with some also havmg slightly 
smaller values Blocking probably occurs m about 6 to 10 per cent of most 
senes of observations In such cases it would be anticipated that the rhyt.hm 
would continue unchanged by the antidromic impulse, % e , the intervals 
before and after the antidromic impulse should sum to equal the duration of 
two normal cycles. Beyond 1 0 the pomts should therefore approximate to 
a Ime drawn at 45^ as shown by the broken line m fig 7 In this figure 
observations beyond 1 *0 are not sufficiently numerous to give any significant 
curve, but at least they do not disagree with this expected curve 
In 12 of the 16 experiments similar series of results have been obtained, 
^ 9» fig 8 from one of these experiments gives a curve resemblmg fig 7 A 
curtailed cycle 0 1 times a normal cycle has in these experiments been followed 
by a subsequent cycle ranging from 1 *43 to 1 65 of a normal cycle, and, when 
the antidromic impulse has acted on the motoneurone just as a reflex discharge 
was being set up, the subsequent cycle has been 0 98 to 1 07 times a normal 
cycle Usually the curves have had a slight concavity upwards similar to 
those of figs. 7 and 8, but m one experiment the curve has been practically 
a straight Ime, and in one experiment the upward concavity was much greater 
The other four expenmenls have been chaiaotensed by a curve abnormally 
high throughout its whole course, even so high as to pass through the points 
0*1 •1*7 and 1 0:1*2, te, the subsiKiuent cycles have been abnormally 
long, fig 9 Even when the antidromic impulse has been blocJced by oolksion 
with the outoommg reflex discharge, the subsequent cycle has been abnormally 
long. This blocking must occur with a considerable number of observa¬ 
tions havmg absoissal values greater or sbghtly less than 1*0, and yet 
m fig. 9, as shown by the ordinates, the subsequent cycle is always longer than 
tmmd. The other three experiments ate similar in this respect The 
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abnotmally long subsequent cycles tn these four experiments are noti therelwe) 
due to some abnormal action of the antidronuc impulse. Borne extraneous 
effect must be grafted on to the normal action of the antidromic impulse 



Curtailed cycle Curtailed cycle 

Fio. O.^As in fig 7 m an ezperimeat showing Fxo 10—^As in fig 7 m another experiment 
abnormally long subfiequent cycles showing subsequent cycles somewhat longer 

than normal 

« 

In the fizst of these esperuneuts the lengthening of the cycle was found 
to bo produoed by mhibitoiy in^ulses* set up from the skm by traction 
resultmg from the muscular response to the antidromic stimulus, so m subse¬ 
quent experiments special precautions were taken to denervato the skm 
(p. 483) In the other three experiments the abnormally long mtervals may 
have been due to inhibitory impulses set u^direoUyhj the antidromic stimulus 
Since the segmental dorsal roots represented m the pojditeal nerve, the 6th, 

7th, 8th and 9th post-thoraoio, were always completely severed, such i m pu lse s 
could have reached the spinal cord only by traversing afferent nerve fibres 
which entered the spinal oord by dorsal roots after passing headward m the 
sympathetic trunk for several segments (Euntx and Farnsworth, 1926, 
Foeister, Altenbiixger and EioU, 1929) It is j^bable that some of the 12 
expenments provisionally classed as normal show the effect (d this abnormal 
e PI fig* 10, but to an extent leas marked than m the above foor 

experiments. 

In SIX (d the normal oxperunents an attempt has been made to determme 
if the curve vanes according to the rate of the rhytlmuc disdiarge. Faster or 
Blower rhythms were obtamed by apino^iate alteratioBs m the strength of 
the nqwtitive stimuli elioitiBg the reflex, and each series of observattons was 

* ThsM ImpulsM pomUy travel tloag die olaned netvee. 



Subeequent cycle 


plotted aeparately Tig. 11 in typical of three expenments m whioh the curve 
for the faster rhythms was higher than that for the slower La two other 
ezpenma&ts alteration of the rhythm produced no significant effect, and m 
one the curve for the faster rhythms was lower than that for the slower 

B Ormped Ihacharges fnm MoiofmmmM 

Usually a regular rh 3 rthm at the ongmal frequency is resumed after the 
subsequent cycle, but in 10 of our experiments the subsequent cycle has been 
at tunes followed by a double response and this m turn by a cycle longer than 



Fto* 11 —As m fig 7 in another ezpeninent The normel oyole had an average value of 
0 065 aeoonda in fig !!▲, and 0 094 aeoonds in fig 11a 

the normal rh}rthnuc cycle, fig 12, Plate 24 Usually the regular rhjrthm is 
then resamed, but occasionally there have been two or more senes of doable 
respmiBes foUowed by abnormally long cycles, fig 13, Plate 24 In such cases 
the mtervals of the double responses progressively lengthen Double responses 
may also be set up by conditions other tlian those ansing from the action 
of antidromic impulses (see p 486) The abnormally long cycle which 
always fdlows a double response mdicates that the double response 
IB due to a doable discharge from a single motoneurone and not to the 
mterfeung discharges from two motoneurones This conclusion is confirmed 
by the mvariable similarity of the two action currents m all cases except where 
the first mterferes with a closely following second. The second may follow 
so closely that it is recognisable only by the long cycle following a slightly 
abnormal action eunenit fig 14, Plate 24, observations 1 and S Those cycles 
immediately subsequent to an antidromic impulse which are terminated by 
double dischaiges present no abnormalities when compared with correspondmg 
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cycles tecminated by the resumption of the normal rhythmic discharge* Thu$ 
tn daubk ducharges the rhgOimc cyde which woM fellow the nomdiy oooumfig 
first dwchairge is Immght prematwrdy to an end by the second dMc/uurge, and as 
a oonsequenee this prenwltwre d%sfAaTge %s followed by a cycle longer than 
normal These cycles may bo termed respectively the ontooeden^ Oyofe and 
the subsequent cycle of the premature dwoharge* 

In most experiments the antecedent cycles of the premature discharge 
present ell transitions between a duration as short as 0 1 of the normal c^cle 
and the duration of the normal cycle itself The observations of fig 12, Plate 
24, indicate that the shorter the antecedent cycle, the longer is the subsequent 
cycle A more precise examination of this relationship is afforded by fig 15 
m which measurements from many observations m this expenment an' 
c*alculated and plotted as ratios of the c^irrespouding normal cycles m a way 
comparable with that adopted in figs 7 and 8 * The points fall about a curve 



Fig 15 
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Fta 16 —^Action of a premature duoUaige on the rhythiuie cycle of aaoleus motoneurone Anteoedent 
cycles plotted as abacusw agauist subsequent oydes as ordinates, both being expeeased M fmo- 
tlnui of the average normal cycle The broken line shows the curve for the sing^ antidromiQ impulse 
m this experiment (6g 10) Fio 10 —As m fig 16 m another experiment. On account ol their 
number only some of the observations havmg abamasal values less than 0 2 or greater than 0 7 
have been plotted. 


very similar to that for the antidromic impulse, figs. 7 and 8. In fig. 18, a 
more extensive senes from another expenment, the curve is more concave 
than in fig 15 

Curves from the whole senes of expenments show that an antecedent cycle 
havmg a duration 0-1 tunes a normal cycle is followed by a subsequent cycle 

^ No aUowsaoe u made for oondnotion time, as measoremeots from Htw sefson ounents 
of the muscle give directly the time xelailoiis of the disdiaiges from the motOReuroiw. 
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1 46 to 1 '60 times a normal cycle At the other extreme the curves always 
pass through the point 1*0 10 showing that an antecedent cycle of normal 
duration is followed by a subsequent cycle of similar duration; for, the second 
discharge not being then premature, there is of course a resumption of the 
regular rhythmic discharge immediately after the subsequent cycle of the 
antidromic impulse 

The curve for the premature discharges has always been closely similar to 
the curve for the antidromic impulses except in those cases where the latter 
was abnormally high Then the curve for the prr mature discharges ran 
parallel to it passmg as usual through the point 1 0 1*0, eg ,\xi 6g 15 the 
broken line shows the curve for the antidromic impulses in that experiment 
(see fig 10) Such a result is in ac cordanoe with thc^ above-mentioned mfereuce 
(p 480) that the abnormally long subseciueut ev< les are due to some factor 
other than the ontidromu impulse' Such a factor would not be operative 
with the double responses 

li may be concluded that vnih premature dischargee the rekUtan ivhich ante- 
cedent cydes hear to subsequent cycles %s the same as that obtaimng bettoeen cur¬ 
tailed cycles and cycles subsequent to atUukomu impulses Thus, when similarly 
placed in the rhythmic cycle, the prematum discharge and the antidromic 
impulse have similar effects on the rhythmic m^tivity of a motoneuione In 
other words an impulsi* travelling up the axis cylmder to a rhythmically active 
motoneuione affects the rhythm m the same way as a reflex discharge set up 
by that motoneurone (see also pp 495, 498) 

On general grounds (Eccles and Sherrmgton, 1931) it has been argued that 
an antidromic impulse should have an effect on a motoneurone similar to a 
reflex discharge, for both would traverse the same structures (probably the 
surface of the motoneuione mcluding the dendrites), and, as the effects pro¬ 
duced by an impulse m a peripheral nerve fibre do not depend on the direction 
of propagation, it was thought unlikely that any difference would exist with 
the motoneurone This argument enhances the probability of the inference 
which may be drawn from the experimental evidence at present available 
All this evidence shows similar actions on a motoneurone by an antidromic 
impulse and by a reflex discharge The inference is that their actions are 
identical 

0 The Effect of Two Aniidromw Impulses 

(i) The Jhmdiom of ihe eiAs^umd Cycle —It appears likely £com the lore- 
going expenmental observations that the lengthening of the cyoie subsequent 
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to the curtailment of a normal rhythmic cycle is an essential feature of 
the rhythmic activity of motoneuroneB It » of importance, therefore, to 
investigate the condition of the motoneurone during this subsequent cycle 
At present this can only bo done by one form of experiment—the “ backfiring ” 
of a second antidromic impulse This second antidromic impulse may be set 
up after the first at any interval greater than the absolutely refractory period 
of the nerve fibre. 

Fig 17,Plate 25,8howB a senes of observations with two antidromic impulses 
So apart, and m fig 16 from the same expenment this mterval has been 
mcreased to 32 o, and in fig 19 to 58 o A companson of these three figures 
suggests that the subsequent cycle is the longer, the shorter the interval between 
the two antidromic impulses The cycle curtailed by the first antidromic 
and the cycle subsequent to the second antidromic have been measured m each 
observation of a senes, and after allowance for conduction time {cf. p 467) 
have been calculated as fractions of the corresponding normal cycles (averaged 
as on p 487) In fig 20 are plotted the results thus obtamed for the series of 
observations with an mterval of 8 c between the two antidromic impulses, 
while in fig 21 the interval was 32 a, and m fig 22 it was 58 a 



Fio 20 ‘ Fia 21 

Fio. 20 —Aotum of two autidroiiuc impulses on the ihythmio disohsige of » s^eus motonsaroos 
Ouztsilsd cycles plotted as ebeoissn agsisst cycles subsequent to the second antidroiiiuo ss ocdInaifeeB, 
both being expressed as fractions of the average nomial cycle. The lines are theoretloal oorvss 
(see p 400) Interval between the antidroimo impulses is S e. Fio 21 As m fig 20 and in the 
same expenment, but the antidromic interval is moreaied to 82 e 


With the exception of the senes of low pomts for the greatly curtailed cycles 
in fig< 20 (to be considered on p. 498) the observations with thb interval 8o 
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tend to he about an almost horizontal hne^ the subsequent cycle being therefore 
almost unaffected by the length of the curtailed cycle On the other hand, 
when the mterval was 32 o, the subsequent cycles are the longer the shorter 
the curtailed cycles, but they tend to be always shorter than when the mterval 
was 6 a With mtervals of 58 o the subsequent cycles are still shorter Similar 
senes of curves have been obtained in many of the 14 expenments ui which 
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Fio 22 ---•As m fig 21, but tbe antidromio interval u now 58 o 

double antidromic impulses have bt^en set up, but in four the condition causing 
the low values to the left of hg 2(1 has lieen much more promment (qf p 498), 
and in four othei expenments this effect has b<*cn present only with intervals 
shorter than 8 o, fig 23 shows observations from one of these experiments 

(ii) DenvtUim of the Curve for Ttvo Anttdromtc Impulses —There now arises 
for consideration the possibility of determining a relationship between the 
curves for single and double antidromics which allows the denvatum of the 
latter from the former Consider the condition where the curtailed cycle has 
a duration of almost 1 0, t c , the first antidromic impulse acts on the moto- 
neuione ]ust as a refiex dis(.harge is being set up Smee we have seen reason 
to consider the action of the antidromic impulse as identical with that of a 
reflex discharge, the second antidromic impulse would be expected m the above 
case to act on the motoneurone exactly as if it liad been preceded at the same 
interval by a reflex discharge instead of the first antidromic The subsequent 
cycle should then be calculable from the single antidromic curve Points 
calculated m tins way are mdicated by the crosses at absc'issal values of 1 0 
in figs 20, 21, 22, 23, 27 and 28, and are m satisfactory agreement with the 
experimental reaults With the exception of a few cases where antidtoxmc 
impulses were set up at very short mtervals apart {(f p 498), the agreement 
has also been satisfactory in all other experiments The conclusion that 
antidromic impulses and reflex discharges affect a motoneiiione oumlarly 
therefore zeceives additional support 

It 18 unposAible to calculate any other points on the curve for the double 
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antidtoimcs without makiDg an aasumptiou It seeinB simplest to aasume as a 
first approximation that throughout the laUeir part of the cycle subseqtieut 
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¥to 23 —As m figs 20, 21 and 22, bnt m another expenment 

to a single antidzomic impulee the motonenione u m a oonditioa uleatica] 
with that obtaining in a normal ojrole <U $m»iar Mitatut* brfon the tmt rtfim 
dttehurge. Fox example, in fig. 24, B^, R„ B,, B«, B,, B, i^xeaent the aoo* 
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cesBive diBchargeB of a motoneuioue whose rhjrthimc cycle is mterrupted by the 
antuboxmo impulse with its subsequent cycle A 1 B 4 If is placed so that 
B«B 4 equals B^B|, B 2 B 3 , etc, then it is assumed that the condition of the 
motoneuxone between Bq and B 4 is identical with its condition at corresponding 
pomts m the normal cycles B 1 B 3 , etc, eg, at th(' pouits Xq and if 
B,Xo-BiXi 

By adopting this assumption it is possible to calculate the mterval subsequent 
to the second of two antidromic impulses if given the curve with a single 
antidromic impulse In fig 26, A| and A 2 represent the two antidromic 

4R|_ jH. JJl, IKi IK. X H, 
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impulsos int(<rruptiiig u rhythmic discharge If Ai alone acted on 

the motoneurone the next discharge would occur at a point B 4 after a subse¬ 
quent cycle A 4 B 4 which is derivable directly from the single antidromic curve 
for any given duration of the curtailed cycle B,A| By assumption the 
motoneurone at A, is m a condition identical with that obtaining at an mterval 
B^A,* after a reflex duohaige (BoRi = RiBt> subse¬ 

quent to A| should therefore have a duration identical with the cycle subsequent 
to a single antidromic impulse which acts after a curtailed cycle equal to 
BoA| In this way it is possible to calculate cycles subsequent to A, ooire- 
spondmg to chosen durations of the cycles curtailed by A], and curves expressing 
this relationship have been drawn in figs 20,21, 22, 23 and 28 as btolmn lines 
In these and other experiments such curves appear to agree with the ei^en- 
mental pomts sufficiently well to justify the uutial assumption as a first 
approxiination It will be noticed that only a portion of the total curve is 
derivable when there are short mtervals between the antidromic impulses 
If m fig 26 AjAi 18 so short that A, lies between A^ and B,, it is impossible to 
caloulate the position of B 5 Even when A, lies just after Bg, the posifton of 
R 5 can only be oaloulated by usmg an extrapolation of the single antidzonuc 
curve, s g., that shown by the broken Imes m figs 7 and 8 
A stody of the experimentally obtained pomts over that part of the double 
antidromic curve not denvable as above reveals that the curve is almost 


^ IS oaloulated as A1A4 — {A1R4 — R^R^) 
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honxontal As the curtailed cycleis made shortorand shorte(r, a stage is mohed 
where farther abbreviatioxi produces no aooompanyuig lengthening of the 
subsequent cycle, and probably therefore no additional change in the reflex 
activity of the motoneurone Thus a basal condition seems to be produced if 
Ag coincides with Rq If Ag is to the left of Rg there is no additional effect on 
the rhythmic activity of the motoneurone This basal condition would there¬ 
fore be produced by an effect equivalent to that which would be produced if 
an antidromic impulse acted at the same time as a reflex discharge,* or if two 
anl^dromu! impulses acted simultaneously * This inference allows the com¬ 
pletion of the missing parts of the theoretical curves by the honzoutal dotted 
lines in figs 20 and 23 f 

(in) The Sefraci/OTy Pmod of the Mototieurone —In hg 20 all points from 
observations with curtailed cycles less than 0 26 of the normal i ycle fell in a 
group distmct from the other observations Smee the broken line drawn 
through these observations is the curve which would be given if the first anti¬ 
dromic impulse alone acted on the motoneurone^ it is apparent that the 
second antidromic had no effect on the rhythmic activity of the motoneurone 

In three experiments the second antidromic at an interval of 8 o after the 
first was ineffective even when the first acted at the end of a normal cycle, 
fig 26, «e, when the curtailed cycle was almost equal to a normal cycle 
With four exceptions all the observations of fig 26 having abscisaal values 
greater than 1 0 have also such short subsequent oydes that the second anti¬ 
dromic could have had little if any effect on the reflex activity of the moto- 
neurone But in most of these observations the first antidromic impulse 
would be blocked by collision with the outcommg reflex impulse {cf, p 489) 
It therefore seems that the ineff(*ctiveness of the second antidromic impulse 
may arise when it is pre<3eded at u short interval by either a reflex discharge 
or an antidromic impulse The reflex impulse, however, always precedes the 
second antidromic by an interval longer than the antidromic interval (other- 

* Refreotoy penod of ooune makes this simultaneous action imposuble* 

t NaU added m proof, March 24, 1932—If two antidnimic impulses depress the 
I h3^mio activity of a motoneurone to a basal oondilaon, no further depression should be 
produced by the action of three or more of such impulses This is confirmed by 
experiment, for the cycle subsequent to three or more antidromic impulses is no longer 
than that obtaiumg with a basal depression by two antidromic impulses It may, 
however, be shorter owing to blocking of the last antidromic impulse or impulses by an 
absolutely refractory state set up by the previous impulse <p 502) 

t This hne is drawn lower than the curve, fig 8, for this experiment, beoatiae the subse- 
quent oydes in fig 20 were measured from the second aatidroimo impulse. 
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wise it would not ooUido with the fiist aatidnumo), and in aoniB omcb this 
lengthening mig^t be as great as twioe the oonduotkm tune plus the duzathm 
of the absolntely refractory penod at the pmnt where the antidroinic stimiilus 
was appbed This would account for the effectiveness of the second anti¬ 
dromic in the four exceptional observationB of fig 26 without the necessity of 
postulating any diff^ncc between the actions of reflex discbaiges and anti¬ 
dromic impulses (ef p 493) Similarity of the re&actory penods foUowmg 



Chirtailed oyolc 

Flo 26 —Ai m fig* 20 but m another experiment The broken line ahowB the expooted 
C 1 UT 6 if the fimt antidromic aione was effective 

reflex discharges and antidromic impulses is also mdicated by the other two 
experiments in which the second antidromic was ineffective with all durations 
of the curtailed cycle 

In all experiments both antidromic impulses affect the rhythmic cycle if 
the interval between them is sufficiently long Thus a series of observa¬ 
tions at antidromic mtervals of 32 o, fig 29, Plate 26, is shown m fig 27 
(from the same expenment as fig 26) When the curtailed cycle is less 



Curtailed cycle 

Fto 27s—Same expsriiMiit m % 26, bat the aatidiomic interval la iauieaMd to 82o 
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than 0*6 of a nonnal cycle, the obeervattona fall into a low group 
obaervations 2 and 4, hg 29), when greater than 0 6, moat observations fall 
into a high group which agrees well with the curve for the double antidromios 



Ciirtmlpd ovcIp 

Fia 28.—Sun. experiment as fig 20, but the antidroimo intenral is inatesMd to 68 a 
denved as above from the single antidromic curve It therefore seems probable 
that the second antidromic has a normal action m the observations of this 
latter group Even with observations havmg a curtailed cycle less than 0*6, 
the second antidronuc appears to cause a small lengthening of the subsequent 
cycle, for the pomts he about a curve rather higher than the curve as drawn 
in fig. 27 for the smgle antidromic (derived from fig 7 by making allowance 
for the antidromic mterval). Observations with curtailed cycles between 
0 6 and 0*8 of a normal cycle tend to scatter widely, and some pomts deviate 
so far fimn either of the mam groups that there seems to be a likelihood of 
different grades of partial effect bemg produced by the second antidromic 
impulse. Finally, m this experiment fig 28 shows the smes with an interval 
of 58o between the antidromics, Smee the theoretical curve eiqaesses 
the relationship so well, it may be inietted that at this mterval the second 
antidromic impulse has a normal actum for all durations of the curtailed 
cycle 

In some experiments where senes of observations have been made with 
many different mtervals between the two antidromic impulses, a break m the 
curve such as that shown m figs 20 and 27 occurred with several of these 
mtervals Such senes are shown m fig 30, where there are definite breaks m 
those senes with intervals of 8 a, 12 o, 16 a and 20 a between the antidromic 
impulses, and even with an interval of 25 6 o the second antidromic has only 
a partial effect when the curtailed cycle is very short. At an mterval of 32 2 a, 
however, the second antidromic seems to have a full effect with all duratums 
of the curtailed cycle This break m the curve haj^ns with hmger curtailed 
cycles the shorter the mtervals between the antidromic impulses. Thus in 
fig. SO the break is at about 0*59 for 8 a, 0*58 for 12 a. 0 47 fmr 16 a, 0*4I> 
for 20 o, and 0*22 for 25*6 o These vahiee for the curtailed eydee are only 


Subeeqiient cycle 



Curtailed cycle Cui*tailed oyolo 

Ffo 80 —As in fig. 90, bnt in anotfaear espenment Senes «te shown with aatidroiuio intervaJs 8 o, 

ISo, 16o, 90e,25«6o,aiid88o 


antidromic impulies, e,p.| in one the break was at 0*66 for 6 o, 0*41 for 6 a, 
0*34 for 16 a, 0*34 for 24 and 0*16 for 32o 
There now anseB the question of the explanation to be adopted for the 








502 


J. C. Eodds sod H. K HoS. 


mefiecti\ enetw of the second antidiomic unpulsn It cannot be that the rhythmic 
activity of the motoneurone u so depressed by the first antidramie that 
second antidromic has no further effect, for (as shown by the longer snhaeqiient 
cydes) this rhythmic activity is depressed much more when both the anti- 
dromics ate actmg effectively at the longer curtailed cycles, fig 27. The ineffec* 
tiveness of the second antidromic must therefore be due to its inabilily to reach 
the seat of the rhythmic activity Absolutely re&actory state is the only known 
condition of nervous tissue which could account for this Uodemg, because it 
has been shown that mhibition is powerless to prevent an antidromic impulse 
from leaclung the locus where reflex discharges are set up (Eedes and Shemng- 
ton, 1931, c) The second antidromic impulse is blocked by absolately 
refractory tissue either before or at the seat of the rhythmic activity 
The experimental icsults already desenbed show that the duration of this 
absolutely refractory penod vanes greatly from one motoneurone to another, 
e g,, in one expenment it was never as long as 6 o andm another it even exceeded 
60 <T The experimental results also show that the length of the curtailed 
cycle exercises an important influence on the duration of the absolutdy tefrao* 
tory penod in those motoneurones where this duration is not always bnef. 
Thus m one of the expenments quoted above, the absolutdy refraotory penod 
was less than 5 a when the curtailed cycle was longer than 0*65 times a normal 
cycle, but it was longer than 32 o with curtailed cydes less than 0*16 of the 
normal cycle In other expenments there have been comparable vanations, 
e g , from 6 o to 25 6 o and from 8 9 to 32 9 
If the absolutely refractory period following the first antidromic impulse is 
actually located at the rhythmically active part of a motoneurone, then it 
may be related to the lengthening of the cyde subsequent to this antidromic 
impulse Such an association would seem to be supported by thoae previous 
observations which show that both the absolutely refractory penod and the 
subsequent cycle lengthen progressively as the curtailed cyde is shortened. 
Thus, durmg the mitial phase of the subsequent oyde, the rhythmically active 
part would be absolutely refractory, and the longer this absolutdy refitactory 
penod, the longer would be the subsequent cyde. The eorte^ondenoe u 
shown m figs, 31 and 32, where the coutmuous line shows the relation between 
subsequent cyde and curtailed cyde, and the broken line the relation between 
absolutely refractory penod and curtailed oyde, all values bemg mipressed as 
fraotiODS of the nonnal oyde In both these espmments the absdutely 
refractory period, shown by the shaded partum, appeals to bear some relation 
to the duration of the subsequent oyde, but in other expenments with similar 
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Qfuvet Uat the subseqaeat cycle the abstdntdy nfeaotcKy pmod uwieaaeB 
veiy little as the curtailed cycle is shortened, fig S3, and in one aqMtmient it 
utas uniformly short for all durations of the curtailed oyde, fig. 34 It seems, 
therefore, that the relation betureen absolutely lefoactoiy period and subae- 
qnent cycle apparently shown in figs 31 and 32 is accidental, and that the 
absolutely refractory penod has no sign^cant influHice on the duration of 
the subsequent cycle 



Kio 31 Fta 32 

Fui. 81 —^The oontmuouN lino ahows the nngle antidromto curve and the broken lino 
pspreesoB the relation between the curtailed cycle and the •nbeoquent abeolntely 
refractory penod The oroeies show actually determined values Both curves are 
drawn on the same co-ordinates—subsequent cycles as ordinatos, curtailed oydes as 
abaoiSBC, both being expressed as fraotions of the average normal oyole The 
absolutely letraotory part of the subsequent oyole IS shaded in Fm 32—^Asinflg 81 
in aaolhar espenment 


Might not an important influence, however, be exercised by the reUttvely 
refractory penod which prosuinably lies between the conditions of absolute 
xeftactonness and subsequent complete recovery! Expcnmental evidence 
shows that both m penpheial nerve and m the motanourone their relatively 
wfraotory penods bear a similar relation to their rei^pective abeolutely refractory 
penoda (Bodes, 1981), and so it seems improbable that there would he any 
wide iadepeodeat variation under the conditions here considered. Figs. 83 
and 34 show that such a wide variation would have to be postulated if an attmnpt 


wete made to «oirelat« tbe dantion ci Idle eabm^—nt fiyele viA tha 
of Ae relatively refraetory period. 

Thm It aeenw iktU the duratiKm ef the mAeeqmit ogiefe after ow emhiromie 
mpulte ta mmJy determmed by «pNie faetor orfaeton oAer than the knyth ef 
the<A»cikikly»rdcaMdyr^ractotyper¥ii»etvpbyU 

la fige 20,27 and 30 it will be aotioedthat there u no abootmal lengthening 
of subeequent cycles m which the aecond aniadiomio acted jnat after the end 
of the abflolutely refractory period set np by the first antidromic These 
subsequent cycles have a duration cotrespondmg dosely to the duration 


Fm. tS^As in fig 31 in oaother ex¬ 
periment. 


Fia M —Ae m fig SI in anotiwr ex- 

ponoMMit* 


calculated according to Ae assumption made on p. 407, and abo to the dnzar 
tions found m those experiments where the leftacUoy period was not lengthened, 
fig. 28 It would seem that tf Ae xefeactory period followutg the seoond 
aniadromio sufiers any additional augmmitatom, this is not reflected m an 
additional lengthening of the subsequent eyde. 


IV Diboossiok. 

BlqAmio disohargea of impulsei born a motonMoona mast he oooaalsiMd 
by ooiKspoiiiditigflnotuatmimm the “activity** of asiQAtobMM^ A'lAtoln ^ 
ataiaof the rhyAmie centos is lacessary to ato iiqp n irth» 
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Aftgfi&nuc Disoha^ of MotonmroMo^ fiOtIr 

activity of the rhythnuc centre is a measure of tins state, i it is a measure 
ot the propensity of the rhythmic centre to set up such a discharge* Each 
discharge must be preceded by an mcrease in the activity of the riiythmio 
oentie to a threshold intensity, and an immediate dimmution m “ activity ” 
must result from the reflex disohaige Such general cousideratians would 
apply to the settmg up of any rhythmic condition of a similar character, * 
the heart beat. 

Since the rhythmic discharge of a soleus motoneuione is resumed with an 
altered phase after mteiruption by an antidromic impulse (p 485), the rhythmic 
centre must be acted on by this impulse It has elsewhere been argued tbat 
an antidromic impulse m a motor nerve fibre does not pass beyond the moto* 
neurone with its dendrites (Eccles, 1931) Each motoneurone has, therefore, 
an mtnnsic rhythmic centre The rhythm of its discharge is not impressed 
on it from without, lor example, by mtenumcial neurones next upstream A 
rhythmically dischargmg motoneurone must be subjected to a continuous 
and more or less uniform bombardment by excitatory impulses from those 
intemuncial neurones The stimulus of this bombardment activates the 
rhythmic centre of the motoneuione as evidenced by the discharge so sot up. 
The more mtense the bombardment, the faster is the rhythm of this discharge 

The sequence of events durmg this rhythmic discharge has been investigated 
by systematic examination of the effects produced by antidromic impulses 
The effect produced by the action of an antidromic impulse on a motoneurone 
has a special mterest since it is identical with that produced by a reflex dis- 
charge (p 493) 

A smglo antidromic impulse mteiruptmg the rhythmic cycle of a moto- 
neuzone is followed by a cycle longer than the normal rhythmio cycle, and this 
subsequent cycle is the longer the shorter the cycle curtailed by the antidromic 
impulse (p 485). It seems therefore that the activity ” of the rhythxmo 
centre is depressed by an antidioimc impulse more than by a normal reflex dis¬ 
charge, and this depression is the greater, the eatber the action of the anti- 
dronuc impulse The antidromic impulse is able to do this, because, nnlilc» 
ihe normal reflex dischaige, it acts before the ** activity has reached threshold* 
Again the earlier it acts in the rhythmic cycle, the less mtense will it find the 
** actavity,” whidi as a consequence will be depressed to a lower level, hence 
tha longer subsequent cycle 

A second antidromic impulse acting durmg the cycle subsequent to a previoiis 
antidiomie is lottowed by a cycle havmg a duration corresponding dosely to 
that calculated fEom actum of a smgle antidromic impulse if it be assumed 
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that the rhjrtlmuo centre of a xootoneuxone u in tiie same oomdttkm of “ activity*' 
at mtnilar intervals before the next reflex disohaige (p. 497). The inematare 
reflex discharge met with under certain ixmditions (p. 491) is exceptional in 
this respect The lengthened cycle following the premature discharge (p 493) 
indicates that the “ activity ” of the rhythnuc centre has been dqpeessed by it 
to the same level as by an antidromic impulse acting at a similar tune Hie 

activity ” of the motoneurone should, theidore, be below the threshold 
mtensity when the premature discharge is set up It is not known how the 
discharge is set up under such circumstances 

The action of two or more antidromic impulses indicates that there is a 
basal level below which the “ activity " cannot he depressed. This basal 
level of “ activity ” seems to he separated from the threshold by an amount 
equal to twice the depression produced by a single antidromio impulse or 
by a smgle reflex discharge 

The refractory penod following antidromic impulses or reflex discharges 
does not seem to exercise an important inflnence on the '* actmtiy ” of the 
rhythmic centre (p 503) 

The experimental evidence does not allow any farther direotinfarencesoon- 
cezning the processes in the rhythmic centre other than the above desonption 
of the changes in its “ activity,” but m the next section a more detailed account 
has been attempted by means of a mathematieal treatment. 

V. Tebobrtioal Tbsaikeht or Bevlbx DisonaBas. 

The followmg assumptions have been made in order to allow a mathematioal 
treatment of the rhythmic ” activity ” of a motmieunme 

1 Dunng the rhythmic responses oi a motoneurone m a tetamo crossed 
extensor reflex the mcident excitatory impulses are produomg at a uniform 
rate a condition called the central excitatory state, c e.8. This assumption 
should be justiflable when random vonationB are minimised by treating 
Btatwtioally a large number of observations as has been done m the present 
research 

2 This o.ea. undergoes a spontaneous subsideaoe at a rate ^opwctional 
to Its mtensity. 

8. If the o.e.8. of a motoneurone attains a certain mtensity called the tines* 
hold, a reflex discharge is set up. The threshold being assumed oimstant, 
the “ activity ” will be measured by the intensity of the o e4. 

4. Consequent on a reflex duohaige there is an instantaneous inaotivition 
of (me-haU the threshold intensity of c.eA An anfadwimm im iml— has a 
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Biimlaraotioii(p. 492) provided that at least one-half of the thieahold intensity 
of o.e»B IS present at the tune of its action—^if less la present, it wotdd be all 
inactivated. This fourth assumption is based on evidence from two sonroes. 
(a) The duration of the cycle subsequent to two antidromic impulses may be 
satisfactonly ezplamed if it be assumed that a basal condition'*^ of the moto- 
neurone is reached by an effect equivalent to that produced if two antidromic 
impulses could act simultaneously on a motoneurone excited at threshold 
intensity, % e , each inactivates half the threshold mtensity (6) Spontaneous 
reflex discharges from motoneuxones frequently occur in groups of two, which, 
when very close together, depress the “ activity ” of the motoneurone almost to 
its basal level, as indicated by the length of the subsequent cycle, % e , each 
inactivates one-half of the threshold mtensity. 

The production of a rhythmic reflex discharge accordmg to the conditions 
postulated is illustrated in fig. 25, where mtensities of c.e s are plotted as 



Fto. 35 —5ohematio representation cxf rhythmio dlsoharge and the action of a single 
a^dromio impulse. For desaription see test. 

ordinates against time as absciasfie, OF is the Ime of zero mtensity of c e s. 
According to the fourth assumption the mtensity of c e s , OA, at the pomt 
A just after a reflex discharge, equals half the threshold mtensity OL. As a 
result of its uniform production and spontaneous subsidence, o e s. is repre¬ 
sented as in intensity during normal rhythm along the Ime AM to 

4gam attain threshold at M, where the next reflex discharge is set up. The 
intensity of c.e.s. falls from M to B, and then increases along the Imo BN, till 
at N another reflex discharge is set up, with a consequent fall of c.e.8 to G 
followed by an increase to P, and so on. 

* In this oonditioa no e»e.s. would be pMsent. 

2 K 2 
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NB IB oontmued backwards to Q along the line which the c e.8 would have 
taken if it had moreasod horn zero intensity to N. Let p be the unifonn 
rate of production of c e s , and $ the rate of subsidence of unit mtensity of 
c e s. Then if a? is the intensity of c e s, present at a point on the lane QBN 
at a tune t seconds after Q, 


the general solution of this equation is 

p —Ce 

a;=r t, 


where C is an arbitrary constant. When f = 0, a: = 0, hence m the above 
equation C == p, therefore 


35 = £ (1 — e"***) 
B 


( 1 ) 


and 

<=-ilog.(l-25) (2) 

s \ jt/ 


Thenfore the tune to produce the threshold intensity, h, % e., the tune between 
Q and N, equals 

- log, (l — —] seconds, (8) 

8 \ p' 

and the tune to produce an intensity ^k, xjt , the tune between Q and B equals 


- i log. (l — seconds, (4) 

therefore 


where T is the length of the normal oyde MK, 


and 

8 (2e‘» -1) 


( 5 ) 

(e) 


It is now possible to amve at a relation between the cartaded and the 
subsequent cycle By assumption an antidimnio in^ulse acting at a point 
D, fig 86, inactivates an intensity 11 of c.eji, as shown by the line DB, and 
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0 e a then increases along the line SB to legam a threshold intensity at B, 
where a reflex discharge is set up. If the time from G to D is seconds, and 
from D to B IS Tq seconds, it is required to find the relatumship between Tj 
and T, 

PC IB continued to Q m the same way as NB is to Q Since the time from 
G to C equals that from Q to B (equation (4)), the point D, seconds after 
C, will be 

Tj — j log, seconds after G, 

and therefcNCe aubstitutmg in equation (1) the intensity of c e.8 at D 

_£[l 


Substitutmg the value for k from equation (6), tho mtensity of c e s at D 

s 

-f(‘ 


2e" —ll 


(7) 


At the point E the o e a will have an inteuaity leaa than at D, and ao aub- 
•titutiag the value for h from equation (6), the c e a at E 


ar 2a*’’ —li «^2a'’’-l'’ 
_ p rc*^ ~ 


( 8 ) 


BE la oontmued to F along tho Ime which the o e a would have taken if it had 
mcxeased from aero inteuaity to E T,, the tune between E and R, equab the 
tune between F and R mmua the time between F and E The tune from F 
to E IS the tune required to build up an mtensity of o.e a equal to 
« f**X — e*(T-T,n 

and therefore aubstituting in equation (2) the tune from F to E 

1. ( a** — a*<*-*‘>) 

» - -log, [1-aeoonda, 



610 


J. C. Bodes and H. E. Ho£E. 


therefore 

T.» {l - 2^} 


== - log, + e*'' — 1} seconds 


(9) 


This mathematical treatment may be considered m relation to several 
aspects of the experimental observations 
(a) The curve expressing the relation between the curtailed and subsequent 
cycles of a single antidromic unpulso, t e, between and T| 

In equation (9) if = T, then Tj = T, so curves from this equation also 
pass through the pomts 1-0 1*0 when plotted on the same co-ordinates as m 
figs 7 and 8 Agam, if a value is substituted for the constant s m equation 
(9) so that this equation expresses the experimental relationship between 
and for one value of Tj, it is also found to express this relationship for all 
other values of Thus m fig 8 a value s = 13 4 is arrived at by graphic 
solution of the equation obtamed by substituting m equation (9) Tx =>= 0 IT, 
Tjt» 1 *43T, see fig 8, and T 0*074 seconds The curve obtamed when this 
value of 8 18 substituted m equation (9) is shown m fig 36 It agrees well 



Fjo 86.--Observstioiu plotted as in fig. 8, but the ourve drawn is oslsalated from 

equation (6) 

with the expenmental observations at all values of Tx In the same way a 
value of s can be cbosen so that equation (9) agrees closely with the expenmental 
curve m all cases where this curve has the usual slight upward concavity shown 
ui figs 7 and 8 (of. p 489) Equation (9) cannot be applied to abnormally 
high oarves, e p, fig 9 unless allowanoe is made for the extra lengthening. 

By assumption the value of a is independent of the rate of building up of 
c.e 8. on a motoneuronei and henoe of the rate of its rhythmic disdhaacge. 
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Equation (6), therefore, allowe a determination of jo m terma of k for any 
particular rate of reflex discharge ^able I gives values ot s tot diffiarent 
motoneurones and also the values of p/h for different rates of discharge of 
these motoneurones From equation (6), T is infiiute when pjk = s Table I, 
column 6, shows that values of pjk thus calculated for an mfimtely slow rhythm 
are usually considerably lower than the values for the slowest rhythms mqieri- 
mentally obtained 

Table 1 


1 

2 

3 

4 

6 

6 

Bspeziment 

Value of a 

Value of pfh 
at avetam 
rate of 
difloharge 

Value of p/k 
at faateet 
rate of 
diaoharge 

Value of p/k 
at iloweet 
rate of 
dieoharge 

Value of p/k 
at an 
Indmtely 
■low rate of 
discharge 

January 15* 1931 1 

8 35 

(T-io 073) 

10 8 

(T»0 007) 

12 7 

(T»0 088) 

8 35 

January 23,1931 

12 1 

16 9 

(T»0 067) 

31 1 

(T-0 043) 

14 0 

(T-0 000) 

12 1 

February 18,1931 

13 4 

17 4 

(T«0 074) 



13 4 

Marah 10,1931 

11 8 

26 6 

(T==0 068) 

(T-0 000) 

13 Q 

(T-0 112) 

11 8 

May ae, 1031 

9 5 

13 0 

(T»0 091) 

16 9 

(T»0 052) 

10 1 

(T-0 178) 

9 5 

Juno 17, 1931 

9 7 

16 3 

(T«0 057) 

20 8 

(T-0 088) 

11 2 

(T-0 150) 

0 7 

Ootobor 2,1031 

11 4 

10 8 

(T-0 077) 

19 0 

(T«0 049) 

12 6 

(T-0 155) 

11 4 


(6) The curve relatmg the antecedent and subsequent cycles of premature 
discharges 

Since this curve is usually similar to the sin^e antidromic curve (p 498), 
it also corresponds closely with the curve of equation (9), for the derivation 
of this equation depends on the assumption that a reflex discharge has an 
effect similar to that produced by an antidromic impulse 
(c) The curve relating the curtailed and subsequent cycles of two antidromic 
impulses. 

A dose approximation to the experimental curve for double aotidromics 
has been derived from the single antidromic curve by makmg two assumptions 
(pp. 497, 498), both of which are also mnbodied m those made in denving 
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equation (9) Since tins equation is in close agnement with the suif^ anti¬ 
dromic curve, equations derivable from it must also agree with the dooUe 
antidromic curves In all such derived curves, however, no aooonnt is taken 
of blocking by absolutely refractory penod. 


VI SUMMABT 

Rhythmic discharge of a smgle soleus motoneurone has been set up by 
stimulation of a contralateral afferent nerve The conditions determining the 
setting up of this rhythmic discharge have been investigated by making a 
systematic study of the effects produced by an impulse (antidromio impulse) 
passing up the motor nerve fibre to the motoneurone. Smce the rhythmic 
discharge recommences with an altered phase after mteixuption by such an 
antidromic impulse, it is concluded that the rhythmic centre of the moto¬ 
neurone has been acted on by it 

The normal rhythmic discharge is resumed at a longer mterval after an anti¬ 
dromic impulse the earher this acts m a rhythmic i^cle. Thus, when the anti¬ 
dromic impulse acts just as a reflex discharge is being set up, the subsequent 
cycle is no longer than a normal cycle, but, when it acts very eariy in the 
cycle, the subsequent cycle is about 1*6 times normal 

Under certain conditions a rhythmically discharging motoneurone breaks 
Its rhythm by a premature discharge The cycle following this discharge is 
lengthened to the same extent as it would be for an antidromic impulse actmg 
at a similar time From this and other evidence tt is concluded that an anti¬ 
dromic impulse and a reflex discharge have similar actions on a motoneurone 

A second antidromic impulse acting during the cycle subsequent to a previous 
autidromio impulse is followed by a cycle whose duration depends both on the 
length of the cycle curtailed by the first antidromic impulse and on the anti¬ 
dromic mterval It corresponds closely to that cakmlated from the action of 
a smgle antidromio impulse if it be assumed that the rhythmic centre of a 
motoneurone is m the same condition at similar mtervals before a reflex dis¬ 
charge 

Under oertam conditions the second antidsomio impulse is blodced by an 
absolutely refractory penod set up by the fliet antidromio. The duration of 
this refcactormeBs vanes greatly from motoneurone to motmienzoae, uid also 
under different conditions m the same motooMiione. It does not seem to 

exeiokw any appreciable infiuencs on the rhythmic activity of the motoneuene. 
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The aoticm of two or more antidxoxmo impuleeB mdicatea that there ib a 
basal level below which the rhythmic activity cazmot be depressed. 

In a general discasBion of the orperimental observationB the events during 
the rhythmic cycle have been described in terms of the “ activity ” of the 
rhythmic centre, by which is meant the propensity of the rhythmic centre to 
set up a reflex discharge. 

Finally a mathematical treatment based on oertam assumptions has resulted 
in equations which are m satisfactory agreement with the expenmental 
observations 

We have to thank the Ghnstopher Welch Trustees for defraying the expense 
of the photographic plates, and one of us (J C E) wishes to express his gratitude 
to the Medical Research Council for a personal grant 


EXPLANATION OF PLATES 
Pl4tb 24. 

Fia 2 —Eleotnoal (dark lines) and meofaanioal (white lines) responses of motor umts of 
soleus mnsole in a tetamo crossed extensor reflex In observation 1 only one unit 
18 responding rhythmically, but m observations 2 and 8 there are two units beatmg 
with different rhythms Time, 1 d v 10 er 

Fm 3 —^Eleotnoal responses of a single motor unit of soleus muscle dunng a short crossed 
extensor reflex evoked by stimulation of the contralateral popliteal nerve dunng the 
time shown by the signal 

Fxa 4 —Rhythmic responses of a single motor umt of soleus muscle mtezrupted by a 
smgle stimulus (antidromic stimulus) applied to the intact motor nerve—shown by 
the large motor acticm*ouiTent 

Fto 5 —As in fig. 4 in another expenment. 

Fia 12 —^As in bg. 4 but in observations 3 and 4 the cycle following the subsequent cycle 
of the antidromic impulse is shortened by a premature discharge (c/ also observation 
4, fig 4) 

Fio 13.—As m fig 12 but two antidromic impulses have been set up m each observation. 
In obaervations 1 and 3 then an two sets of doable discharges (qf also observation 
4, fig 12) 

YiQ 14 —As in fig. 12 but the premature discharge is so early in obaervations 1 and 3 that 
ita aotton c ur re n t is onfy visible as a slight alteration of the pnoediQg action current 

Pnan 25, 

Fio. 17i--JQiartlimio xesponsea of a single motor unit of soleiis muscle interrupted by two 
auUdkoniostlBn^ 

Fio. 12 .—Ab in fig. 17 Imt ilm antldMiido interval 

Fio. 10.—Aa in fig. 17 bat tlm antidromic interval te 

Ffo. 10.—As in fig. IS but in another pnparatiQD. 
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Infection by Bact. Badicicola tn Bdation to the Mtcrochemtstry 
of the Host's CdL WdUs, 

By Eusabxtb MoCot, Ph JD. 

(CommuQioated by Sir John Russell, F B 8.—^Beoeived February 19,1932.) 

(Department of Baetenelog^, Bothamsted Experimental Btotko, Barpendan.) 

[Pi.a'n 28] 

The intimste relationship of the nodule baoteru to their hosts, the Legu- 
nuuosas, ofEeis some faaoinatmg problems m plant chenustry, which have 
been only partially solved by the researches of the past 60 years. These 
investigations have been mamly botanical and baotenological, and such 
chemical work as there is has been done from on agmmltural standpomt, with 
a view to disoovermg and eiplaining the fertilising action of legummous crops 
Consequently our hypotheses of the more detailed physiological chemistry of 
the nodule have been deduced largely from oytologioal and histologioal evidence 
The miorochemioal mode of attack has been almost entiz^ neglected. 

Even though methods m botamcal rmorodiemistty axe still very unsatia* 
factory, it seemed possible that a miorochemioal rtudy of nodule frssues irnght 
throw now light on the nodule problem The results to be reported hen axe 
adnuttedly qualitative and, in some cases, not comdusive, but the author 
feels that her expectation was justified, and that the field is a fertile one for 
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the fatQxe. In general, the metboda used were based on those of Molisoh 
(1923) and Tunmann (1913) and on an outline of methods by Dr* Sofdua 
Eokeraon (unpublished notes lent by an associate). Additional methods, 
baaed on known properties of the substanoea in question, were devised when 
necessary. 

The work has been done on tissues of lucerne, pea, clover, and broad bean 
seedlings and nodules Lucerne tissue has been the most eztenaively used, 
and unless otherwise mdicated, the results desonbed will be those relating to 
this plant The mvestigation has been directed along two related lines, which 
will be considered separately 

Part L—The Ikesctioe of Root Hairs 
The Chemical Compotntton of the Cell Walla of Normal Boot Hairs 

Despite the importance of the root hairs m the life of the plant, it is sur- 
pnsmg that there has been very little work on the chemical composition of 
their cell walls. Such results as have been pubhshed are decidedly contra¬ 
dictory , whether because of actual differences among the plants studied, or 
because of unreliable methods of testmg, it is difficult to say It is not even 
cortam that cellulose is a common constituent of the root-hair wall, Roberts 
(1916) found it present as an inner layer, but Howe (1921) found none at all 
and m its place a layer of callose Addoms (1927) obtamed uncertain results 
with cellulose tests. 

In the hairs of the leguminous plants here studied, cellulose is undoubtedly 
present, even to the extreme tips of the hairs It is true that a direct test on 
fresh tissue, with either chloi-zmc-iodide* or the hydrocelluloso testf reagents, 
gives a nondescript yellowish green colour, which is mclmed to fade withm a 
few hours, although cortical parenchyma, phloem, and even young vascular 
elements are characteristically blue, as for oelluJose But the cellulose tests 
are strongly positive on root hairs, which have been treated (1) m boiling 5 per 
cent NaOH or KOR from a half to 6 hours, or (2) in boiling 3 per cent Hd 

1 hour followed by boiling 5 per cent KOH1 hour, or (3) m cold eau de Javelle^ 

2 to 10 days It will be shown later that these treatments remove an extremely 

* Schutoe^s xeagent; from the British Drug Houses was used throughout these testa for 
the sake of uDifognuity of reagent. 

t The hydrooeUulose tests weie done with 1^ sdution (It 0 8 gm., K1 0-75 gm, 
BtO 50 0.0) sod 66 or 75 per cent (Ikiksrson) 

t Strasbmrger formula—20 c.o of 25 per oeni. oaMiiia hypoohlorite made to 100 c.o 
with water; 100 0 . 0 * of 15 per cent aqueous 
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lesistant henuoellulose, which is rcBponsible for the failoze of 1 ^ nmud cdluloee 
staiuB to art duectlj upon root hairs The final and oonvnicing proof of the 
presence of cellulose in the root ham will be seen in the hdlowing survival and 
Bolubihty tests'— 

1 . Tissue treated in boihug 3 per cent HCl 1 hour, followed by boiling 6 per 
cent KOH 1 hour and examined m water mount, shows root hairs 
intact, though extremely hyalme They are instantly dissolved m 
copper-oxide-ammonia reagent* diffused under the coverglass 

2 Tissue boiled m 5 per cent KOH alone also shows survivmg 

membranes, soluble m copper>oxide-ammonia 

3 Tissue extracted with boiling 0 5 per cent 1 to 6 hours, 

preceded or followed by cold eau de Javelle 2 to 10 days, shows the 
re main der of the root-hair walls easily soluble m cojiper-oxide-ammonia 

4 Tissue treated with boiling 0*5 per cent 1 to 6 hours, followed 

by boilmg 6 per cent KOH 1 hour, contains root ham easify soluble 
m copper-oxide-ammonia. 

6 Tissue treated m boiling 6 per cent. KOH 1 hour, followed by boiling 
3 per cent H|C, 041 hour, and either boiling 5 per cent KOH or boiling 
6 per cent Na|COa for 1 hour, shows persisting toot ham easily soluble 
in copper-oxide-ammonia. 

All these methods should remove both peotic and homioellulosio materials 
and leave any residual cellulose until the copper-oxide-ammoiiia treatment 
These tests have been repeated many times on luoeme, clover, pea, and broad 
bean tissues, and cellulose has been found ccmsistently even to the tips of both 
young and old ham 

Of the peotic matenals in the root ham, little c«i be said Oalaum pectate 
has been shown by its formation of CaCa 04 crystals upon treatment with either 
(NH|)iG |04 or H 2 C 1 O 4 Roberts and Howe have reported that the calcium 
pectate forms the outer layer of the wall, so that the crystals m oxahe-acid- 
treated material would lie m an outer layer of insoluble pectio amd. If this 
were so in the legummous plants here studied, the crystals should be liberated 
by the removal of the peotic acid as, for instance, by formation of its sodium 

* Made aooarditig to the method in the Bokencm mannal from copptt filinga tnatod 
with gxoem ammonia and allowed to stand open to the air until the teegec t ia of anfflotent 
strength to diiaolve cotton flbwa inita at aneoBsty The solntioiidetariamteB ha 4-0 weeks 
and meat be replaeed. 
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or potasBittm salt But one can remove all pectic acad by treatment with 
boiling 6 per cent NajCO, without disturbing the imbedded ctyatahi, whidi 
ace, however, set free upon dissolution of the oellulosic residue with copper* 
oade-ammonia. This behaviour mdioates that the onginal calcnun peotate 
occurred not m a separate layer but m association with the ceUuloBe-contaming 
layer or layers of the coot-haic wall There is evidently some variation m the 
amount of calcium pectate present, as judged from the relative abundance of 
ciystals. No regularity m this respect could be established, either m relatum 
to the kind of plant or the age and condition of tissue Howe reported pectoee 
" especially found m young tissue '* Whether pectose, pectm, or pectic acid 
IS present in the leguminous root hairs cannot be decided from the data 
available The difficulty anses owing to the simultaneous presence of hemi* 
cellulose, which is also stamable by ruthenium red Furthermore, all reagents 
which remove the hemicellulose also remove the pectic materials, and thus it 
IB not possible to difiercntiate by subsequent staming 
The converse extraction, pectic material from hemicellulose-cellulose residue, 
IS, of course, possible with boilmg ammouium oxalate, or oxahc acid followed 
by such weak alkali as 6 per cent NagOOs, which does not affect the hemi- 
oellulose The first hint of the presence of constituents other than cellulose 
and the pectic substances, m fact came from tests upon root hairs of oxalate* 
treated material Such root hairs were only poorly stained by Schultse’s 
reagent, but deeply stamed by ruthenium red, and not entirely dissolved by 
oopper-oxide-ammonia After treatment with boiling dilute caustic alkah 
(5 per cent KOH), eau do Javelle m the cold or concentrated NHgOH m the 
cold, the offending substance was removed There are several substances 
which might account for some or all of those properties Suberm, if present, 
might hmder the cellulose reaction; would be insoluble m copper-oxide* 
ammonia , but soluble m dilute alkah But the toot hairs are not stamed by 
Sudan 111 or Soharlach B, are soluble in cold 60 per cent chnnnio acid, and 
give neither the cenc acid nor phellomo acid tests The huluxe of Sudan III 
to stem the ham elimina tes the possibihty of there being a fatty substance, 
aa does also the fact that ether extraction &iled to remove the reostant sub* 
stance. Oallose would account for the insolubility m copper-oxide-amraonia 
and perhaps for the failure of the cellulose test, also, Howe reported oallose 
m root baire of several plants, mdudmg the pea and garden beau Her report 
is based upon positive etaming of the root-hair membrane witib reeorom bine 
In the present work no traoe of oallose oonld be shown by either resomin Une 
OK awiTma blue Staining Nor did the tyeoifie ablnbihty teets for eaUoee by 
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cold 1 per cent KOH, GaGl|, SnOlg, oi glyoeiine at 28^ C give any indioatum 
of its presence 

Another class of compounds which might ctmoeivably account for the 
observed reactions of the toot hairs are the protems. Theta was mdusation of 
their presence m the walls of hairs treated with MiUon’s, xanthoproteic, or 
biuret tost reagents, but it seemed possible that small quantities might be 
present and yet escape detection by staming methods. Sdnbihty methods 
were therefore apphed Frotems m general are either aoid-soluble or alkali- 
soluble, whereas the resistant substance of the root hairs survives both pro¬ 
longed boiling m 3 per cent HCl (1 to 6 hours) and extraction with weak 
alkalies such as 0*6 to 1 per cent, caustic alkah with boiling for 1 to 2 hours, 
6 per cent alkalme carbonate boilmg 1 to 2 hours, or the ammoma of copper- 
oxide-ammonia m the cold for 10 days Furthermore, digestion with pro¬ 
teolytic enzymes, pepsin in 0*2-0 3 per cent HCH, or trypsm at 8 0, foils 
to remove the inhibitory substance And lastly, the toot bairs do not give 
the Congo red-acid reaction which Pnestley and Tupper-Carey (1922) attributed 
to protem m the walls of root and stem menstems This reaction will be 
further discussed in relation to the nodule menstem m Part II of this paper 

The resistant substance cannot be hgnm, smce the toot hairs, fresh or other¬ 
wise, fail to give any of the colour tests for hgnm. Neither do they contam 
pentoses or pentosans m quantity to give the orcmol or phloroglucinol tests. 
They are also negative to the iodine test for amyloid, apphed directly or after 
treatment of the tissue with eau de Javelle. This is contradiotory to the find- 
mg of Ziegenspek (1920) who detected amyloid m the tips of the root hairs, 
which he studied, and considered it to be a transitional product m the formation 
of cellulose. 

The only substances which have been found m the root hairs of the legu- 
minosts, then, are cellulose, calcium pectate (probably other pectio substances 
also) and a comparatively resistant material whose properties are as follows 
solubihty m caustic alkali (3-6 per cent.) with boilmg 1 hour, m concentrated 
ammonia and m eau de Javelle slowly m the cold, insolubility m 0*6-1 per 
cent caustic alkah with boiling ^ to 2 hours; 6 pet cent, alkalme oarbmiate; 
8 per cent, hydrochloric acid; 3 pec cent, sulphuno acid; 0*6 per cent, 
ammomum oxalate; 3 per cent, oxidio acid alone or followed by 6 pec cent, 
sodium carbonate, or copper-oxide-ammonia. It is stamed by aqueous 
ruthemum red, lodme green, and some 12 other basic dyes tested; itisstaiued 
poorly or not at all by acid dyes. It is coloured yellow by SdiultBe's reagent, 
and its presence with ceUufose prevmts ^ ktter from diowing its duoaeteiistie 
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blue colour with this teageat. It is not destroyed by heating to 210° or 800° C 
u pure glyoenne, as recommended by Sdiotger (1926) and Mobsoh (1923) for 
distinguishing between hemioellulose and true oeUulose. With the last- 
menticmed exception, the substance has the usual propertieB of a hemiodlnloee 
It has been found m the tips as well as m the lateral walls of the root baits ol 
the pea, lucerne, broad bean and clover 

The Phenomena of 

It IS a cunouB fact that infection of a root hair by the nodule organism always 
occurs at the tip, occasionally at the tip of a lateral branch And yet, so far, 
it has not been possible to find any chemical difierenco in the walls at those 
pomts, unless it be a slight concentration of the hemicelluloae cmistitusnt 
There is, however, some evidence of a physical difierence When seedlings 
of lucerne and clover, grown in petn dishes on the surface of mmeral-salts 
agar, wore watered with sterile distilled water, their exposed toot hairs swelled 
out mto queer club-shaped and bulbous forms, the tips bemg first affected 
When sterile plant nutnent solution was used, deformation of the hairs did not 
occur. This is m accord with the observations of Stiehr (1903), who reported 
that the tips of root hairs are first to respond to changes m osmotic relations, 
and that when hairs are immersed m distilled water, the bursting mvanably 
occurs at their tips It is therefore suggested that the tips, most readily 
permeable to water, are also most readily penetrated by the bactena 

Many mvestigators have seen and described the infected root hair, but none 
has described the exact mechamsm of the entrance of the bacteria There 
would seem to be two possibilities that the bactena enter mechanically 
injured or broken root hairs, or that they enter by secretmg some substonoe 
capable of dissolving the wall at the point of entry Proof of either alternative 
hinges upon whether the well known curling of an infected hair is mduoed by 
the bacteria, or whether the organisms infect a hair deformed from some other 
cause. It IS known that the form of toot hairs vanes somewhat with the 
medium m which the plant is grown Boots m moist aur generally produce an 
abundance of straight cylmdnoal hairs, while those m soil or sand bear hairs 
more or less distorted by contact with the solid puticles. Such contacts might 
be supposed to produce injunes through which bactena could enter. To 
determine whether the bactena themselves induce a farther distortion of tiie 
hairs, the numbers of bent and curled harts on plants m the presence and m 
the absence of the bacteria were compared. The data shown m TaMes 1 
and n axe sdeoted from a large number of sodi counts made upon plants 
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grown m |iotB of steniisod Mutdii The pteBenoe vt tliiB iNwtenn m MwVarted 
with » vtxy aigaificent mccoase in the proportion ct bent and ended hain. 
In agar-tube euhuxea, where the factor of laeohaaical aqmy is negligible^ the 
reeolts are even more atnking, Tablee in and IV. The baetena^ t here fo Wy 
do not rely upon accidentally deformed root huxa but are in acme way able 
to act upon the root haus Farther evidence of thu was obtained by ^ 
following expemnents. 


Table I *—^Pot culture oontrols Luoeme, age 3 weeks. 


Pot No 

Plant 

DiSorential ooimta of root haiit* 


Stnught 

Beet 

(XuM* 

Infooted 

1 

1 

per oent 

78 

per oent* 

1 27 

per oent 

0 

per oent* 

0 


11 

78 

22 

0 

0 

2 

1 

74 

j 25 

1 

0 


n 

67 

32 

1 

0 

8 

1 

74 

26 

0 

0 


XI 

77 

22 

1 

0 

4 

1 

75 

25 

0 

0 


n 

83 

17 

0 

0 

llouiperoont 


i e us 

24 5 

0 875 

0 

Stondttcd «mr 


±i fa 

1 

dbl 55 




Table n—Pot oaltutas of luceme mooulated witii tuoeme baotein. 

Age 3 weeks 


Pot Mo. 

' 

Plant 


XHiEezentlal eonata of root hain 


Btraiglvt 

Bent. 

OaiM 

Xnleotedat 

1 

I 

n 

peroani* 

41 

44 

pereent. 

48 

per cent 

18 

pereent 

1 

i 

1 

37 

44 

10 

1 


n 

83 

48 

14 

4 

» 

1 

48 

46 

It 

8 


n 

88 


u 

8 

lfi»anpere«at 

*• ^ ^ 

40 88 

45 IM 

14 5 

t5 

StondntdartDr 

H If 

1 

±on 

±1 12 

«5*ii 


tXhatateeM hStM^all MBfoadsd, SMfaMiaMta tbefBMtaseBtaBa. 


* The peiQwrtmss in all ol the faPowag ta M ee m» bwi d ngea eeaali <d jp BC M e e alie e 
hata at aaeh el Sve landon perttou of root taoB eeeh plsal stadM. 
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UkUa ni.—Tab»<v^tut6 oontadii. looegw, age 8 wadkai. 



i 


Oifl^mtiat oomita of toot hatea* 


XnbeNo 

Plant 

1 1 
1 





Stmiglit 1 

Boot. 

Ouried. 

Infeoted 


i 

1 

pereant. 


per cent. 

per oent 

1 

1 1 

92 

8 

0 

0 


! U 

98 

7 

0 

0 

2 1 

1 I 

96 

6 

0 

0 

1 

11 

96 

6 

0 

0 

ll»a& per oent 


98 n 

6 25 

0 

0 

Staodm error 


rbO 78 

±0 75 




Table IV —Tabe onltaieB of luoexne inoedatod antih laoeiBae baotana. 

Age 8 wedcB. 





Diflaientlal ooanta of root bain. 


Tabe No* 

Plania 





Straight 

Bent* 

1 Ciiriad 

1 

t 

Infected 

1 


1 

T 

percent 

53 

52 

1 

per oent 

1 

1 per cent 

0 

per oent 

1 

0 

X 

11 

37 

11 

8 

I 

57 

3H 

6 

0 


n 

56 

40 

5 

0 

Maan per oent 


64 25 

88>M < 

7 6 

0 26 

BtandaideRor 


11 

i :0 es j 

±1 6 

—- 


Sonte 16 ooee-iiioottlatioii groaps among nodolo baetem am known. Baeteria 
of any one gtoup am not able to fonn nodulea mi tbe plants of any other gn«q». 
Do tiiB baotena fad to piodooe the pmliminary onrimg of the haiin, do tiiej 
fail to enter the hairs or, onoe inside, do thejr find the envuoomeBt on* 
favourable t It seemed possible that stndy of non'infeotion mif^ lead to a 
better aadewtandiag of infection. Some oi 088 >inoeulation erpenmente were 
thmefttMistiip m both sand'pot and agar-tnbe onltom, anda stodt^ waaraade 
of I3ie ssDtdiain prodnoed The foUowug moss-inoonlations were etoffied 

Clover plants x laoeRe baotena 
Laoeme plants x clover baotena. 

Fha i^lanis X cdovtt baoteiia. 
fbapfants X laoeme baoteriia. 

2 o 


VIMb. 
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The not ham were catefoUy exanuned, but no gnuudM wbieh oug^ be 
presumed to be bacteria were seen wtthm the ham. FurthenBote, nuthu 
inieotioa threads aw abortive nodules were produced by the foreign cnrganiaiaB, 
but the ourhng reaction of the root ham was unusually marked The ham 
were often so onmped, branched, curled, and matted together that it was 
impossible to count separately those curled at the tips, as if infected, and those 
otherwise deformed, called bent Tables V and VI and fig 1 show lesults of 
the pea plant X lucerne bacteria cross The other crosses gave the same 
reaction m more or less degree, indicating that the reaction is a general one 


Table V —Pot-culture controls Peas, age 1 month 



' 

Difforectial oouats of root ha&n. 

Pot No 

Plant 







Straight 

Bent and ooiiad 



per cent 

per oent. 

1 

1 

93 

7 


11 

SO 

14 

2 

1 

94 

6 

i 

11 

90 

10 


1 

90 

10 

1 

11 

SO 

13 

4 1 

I 

90 

4 

1 

( 

II 

91 

9 

Meaa per cent 
Standard error 


91 

±l 15 

____ 

9 

±1-15 
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Table VI.—^Pot cultures of peas moculated with luoetne baotena 
Age 1 month 



f 

1 

UiffeienUal oounte of root helxa 

Pot Mo 

Plant 



Straight 1 

Bent end eniM * 



1 


per oent ^ 

per oent 

1 

I 

27 

73 


u 

20 

SO 

2 

I 

20 

74 


II 

21 

79 

3 

1 

28 

72 


11 

17 

S3 

Moan per oent 


^*10 

76 88 *' 

atandaid error 


±l 01 

-tl 81 


* Ia(eot«d lialn, aoas. 
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The fact (hat infection threads were not found m the ahnonuaHy oiulad 
root ham does not» of cooiae, prove that the bacteria did not penetrate the 
oeU walla, they might have been killed upon reaching the protoplast Nexther 
do€« it tell whether the cnriing reaction la a reapeouae to external attadk by 
baotena or to some, perhaps toxic, stimulus set up after their entianoe 
To test these possibilities it was decided to do an experiment similar to one 
reported by Hiltner in 1900 He found that a fdtrate of a culture passed 
through a Chamberland filter cxert^i a softening effect upon root ham and 
causes a typical curvature of them The test was made upon clover and lucerne 
plants m agar*tube culture Six tubes of each sot were treated at the time of 
planting with 5 c c per tnlie of filtrates*'' from 7 day-old cultures as follows — 

Clover plants X filtrate of clover bacteria 
Clover plants X filtrate of lucerne bacteria 
Lucerne plants X filtrate of lucerne baotena 
Lucerne plants X filtrate of clover bacteria 

Control tubes were prepared with sterile tap water xn simulation of the moisture 
conditions of the test series Figs 2, 3 and 4, Plate 2f>, are photomicrographs 
of the results, taken when the plants were 3 weeks old Curling as well as 
other deformation of the root hairs, mcludmg branching (note especially fig 4), 
were produced m the absence of the liactenal cells The results indicate 
that the curling which noi mally precedes infection of the root hairs is produced 
by a substance secreted by the bacteria before they enter 

These root hairs curled by bactena-free filtrates, those curled by baotena 
of other crosB-muculatiou groups, and hairs actually containing mfection 
threads were repeatedly tested for the constituents of the normal loot-hair 
wall, namely cellulose, pectic matenals (especially calcium pectato) and the 
resistant hexmcellulose All were found, even in the curled tips There was 
absolutely no indication that the bacterial action had produced any chemical 
change in the walls This raises the que^iou as to how the bacteria penetrate 
the walls of the root hair 

Since cellulose is present m the root-hair wall, cultures of the bacteria were 
tested upon various cellulose media lucerne root-extract agar containing 
ground filter paper, similar agar with stops of stenie filter paper laid upon 
the surface of the agar and moculated by streaking across the stnp so as to 

* The filtrates wm ptepeied from suapensiQns of the baotena in sterile tap water hy 
BeAefeld fiUiatioh, and were pioTed baoteria-iree by test of 1 o«c portioiu on slopes of 
root-entraot agar and by the faoi that neither infection threads not nodules were formed 
on the test plants of homologous group. 

2 o 2 
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utBute diieot contact of the baotem vtth the oeQuloae; wwiilaT agar oontainisg 
native cellnloae pnpared from looeme loot'meal, and all of the above media 
with 0*25 per cent, of sucrose to ensure initial growth of the bacteria, la no 
case was there any visible attack on the Bunonnding oelliilose nor any indica¬ 
tion of attack even close to or under the hne of growth, when the plates were 
tested for cellulose by the hydrocellulose and ohlor-smo-iodide tests * 'Dteae 
findings agree with Beijermck’s ongiual report (1888) on the absence of any 
cellulose-dissolving enzyme m his B radmaia 
The action of the nodule bactenu on other constituents of the root ham, 
such as the pectic materials, remained to be mvestigated, smee no previous 
report on the subject could be found Root extract media were prepared (1) 
with no added carbohydrate, (2) with 0*6 per cent of apple pectm,t (3) with 
apple portin plus 0 6 per cent of sucrose, (4) with 0 6 per cent of lemon 
peotm,^ (6) with lemon peotm plus sucrose, (6) with 0 5 per cent calcinm 
peotat6,§ and (7) with calcium pectate plus sucrose Tlie pectins were sterilised 
separately in distilled water solution and were added aseptically to the media 
as required The pu ^ finished media tanged frmn 6 8 to 7 2 In all, 
17 cultures of the nodule bacteria representing vanous cross-moculatian gioaps 
were tested on the peotic media Whmever sucrose was present, abundant 
moist growth, chaiactenstic of the cultures used, was obtamed In the 
oontiols with no added carbohydrate, growth was exceedingly scanty (only 
nutnents of the toot extract being availaUo, and m these peotic test media 
only one-half of the strength of root mc.tiact ordinarily used in the Bothamsted 
Laboratory had been used) In the plain pectic media, growth was no better 
thaTi in the controls, and there was no mdioation of utilisation of the pectins 
ex calcium pectate 

It would be mtcresting to try the effect of the bacteria on the benucelhilose 
constituent of the root-ban walls, but so far it has not been possible to isolate 
the specific homicellulose m anything like sufficient quantity for the pieparabm 
of media On the other hand, there is little likelihood that the bactena would 
be able to destroy it in culture, when th^ apparently do not do so in the root 
hair itself Whether the root hair wall is destroyed at the exact pomt of the 
bactena, or whether it is re-fotmed there after mvaenm, are pomts too fine 
to be settled by direct observation. 

* Urns tests won nsds on ths sgsr films dxM u an ovra a* 100* CL 
t Xfom the British Brag Hoama. 

i Xram the CUtftnds IVuit Qraran* Biichsiige Labentoty 
I Ptepared iRmi the leoMB peotss. 
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A study of the lOot hair mfec^tion thus leads to the following condusioinB — 

(1) The bactena do not enter meohamcally injured root hair tips, 

(2) they have not been shown capable of dissolving the known constituents 
ol the root hair walls, but 

(3) they do produce a secretion capable of modifying the wall m some way, 
as evidenced by abnormal curling of the lOot-haii tip either m the 
presence of the bacteria or of their fresh metabolic products 

It IB further suggested that the bacteria attack the tip of the root hair because 
of some pre-existing physicial difference at that pomt, as evidenced by its 
susceptibility to osmotic change 

There is cunoua limitation of the infection of the curled and bent toot hairs 
The great majority are not visibly infected. Thornton (1929) has reported 
4 per cent, infected root hairs for lucerne seedlmgs and the various counts 
made m the present study have ranged from 2*4 to 5 5 per cent There is 
also some limitation of the number of infections which develop mto nodules 
Few counts of this phase of the problem have boon made, but it seems of 
interest to present one sot of figures relating to one of the lucerne plants 


studied.— 

Total number of hairs on 1 me h of root 1121 

Number of infected hairs m above section 62 

Percentage of hairs mforted 5 5 

Number of nodules on the plant 5 

*£stunated total length of root system (inches) 5 6 

Estimated total number of hairs 6165 

Estimated total number of hairs mfected 341 


The plant was approximately 6 weeks old, its five nodules were well grown 
and apparently no new nodules were forming Consequently it appears that 
only 1 m 68 of the original infections succeeded m produemg a nodule The 
other infections apparently stopped growmg, many with the infection thread 
only part way down the root hair. 

Paet II —The Infection Thebad within the Nodule 

Any attempt to explam the invasive powers of the nodule bactona must 
account for their original penetration of the root hairs and also for the spread 
of infection through the cortical tissues of the root and, later, throughout the 


* Atthetimeof theoount bmnng <v having iMiue root haln. 
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gtomxkg nodule Many of tbe histological studies on »>ot nodules have rafaned 
to the infection threads as “ passing ftom cell to odl ” and therein actanding 
the infection Recently Milovidov (1926, 1928) has found that infectian in 
the lupin is spread thiou^ active division of the host cells, but it is admitted 
that the lupin is exceptional in this respect and that in the majont^ of 
LegnminossB the infection threads are active. It remains, then, to show how 
the infection threads cross cell walls 

As m Part I of this report, the nucrochemical mveetigation was began by 
a study of the normal constituents of the parenehymstons tissue of the root 
Centex and of the nodule Briefly it may be said that the methods need were 
the same as those described for the study of root hairs, and that the following 
constituents were found cellulose, ealcium poctate and probably pectose, 
and a hemicellulose less resistant than that of the root-hair wall (see p. 616) 
The hemioollulose of the parenchymatous tissue is. for instance, destroyed by 
heating to 300” G in pure glycerme or boiling 1 hour m 6 per emt KOH; is 
not destroyed by boiling 1 hour in 3 per cent HCl, but is destroyed by subse¬ 
quent heating 1 hour in 6 per cent NsgCOs or 0 6 per cent KOH for j) hour to 
1 hour, IB destroyed by 6 hours' boilmg m 3 per cent HCl alone, but not by 
0*6 to 2 per cent. KOH 1 to 2 hours nor for 6 hours in 0 6 per cent. , 

it IS not soluble m copper-ozide-ammonia or concentrated ammonia m tiie 
cold, but 18 slowly soluble in eau de Javellc m the cold It does not mterfew 
with the ohlor-xmc-iodide test for cellulose, it is stainable by nithemum red 
and therefore mterferes to some extent in the study of the peetio substanoes 
in the nodule It is stamed slightly or not at all by iodine green. 

In an elongated nodule of the lucerne type, for instance, the distal end 
contains the meristematic tissue, and the mam body of the nodule, as one posses 
toward the proximal or basal end, is composed of progressively dder tusae. 
Thus the tissue is graded from the young and menstematio to tiie old and 
mature, and one would expect the composition of the walls to vary aoooid- 
ingly In the following discussion only the menstematio tip and porenohy- 
matous tissue of the mature bacteroid area are discussed. Hie waUs in 
question are very thm, and it is not always possible to difierentiate between 
substances m the middle lamelbs and secondary layers of the walls 

Fnestley and Tupper-Carey (1922) and Tupper-Carey and Ihnestley (19S4) 
have studied the diSerenoe in composition of the menstematio and mature 
walls of root and stem tips and have reported that a Oimgo red-acid reaction 
reveals one striking difference Menstematio walls, once stamed fay aqueous 
Oongo red, remam red m the presence of 10 per cent aoetie and, beoMree of 
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^ apeoifia isooteotano point of the protein which th^ contna. llatiiM 
waSsi devoid of protein, are turned blue by tins aad The reaotum was hij^y 
saebeasfol when apj^ed to longitudinal seotHme of fresh nodule tusoe, it 
showed distinctly red walls in the menstematie oap, grading to blue walls m 
the older bacteroid area Other sections of the same nodule were held over 
24 hours at 37° C m a poptic-digest bath containing 0*3 per cent HCI, and 
then tested with the Congo red-acid reactum This tune the menstematiL 
walls also were blue, mdioating that the jnnteolytic enigune had removed the 
substance responsible for the ongmal red staining Moreover, the baotenal 
bodies which previously gave the protein reaction were much shrivelled by tiw 
peptic digestion, and their residues were thereafter blue m the Congo led-acid 
test 

in its pectic and hemicellulosie content also, the menstematie oap differs 
from the old tissue The oxalate test for calcium peotate, for instanee, shows 
well-formed calcium oxalate crystals m the older tissue and absolutely some 
in the extreme menstematie tip But there is some form of poctio material 
m the tip, as evidenced by the following observations Rnthaiinm red oofonts 
fresh tissue pink throughout the bacteroid and menstematie areas, indicating 
either henucellulose or pectic material or both Copper-oxide-ammonia at 
this stage fails to attack the tissue Other tissue boiled 6 hours m 0>6 per 
cent (NB|)|G |04 shows older parts of the tissue still pink in rutheiunm red, 
but the menstematie tip very pale or lolourless Goj^ier-oxide-ammonia at 
this stage violently attacks the menstematie tip and dissolves its cell walls, 
while causmg only collapse in the older tissues. These effects indicate pectic 
matenal throughout the tissue but little or no henucellulose in the extreme 
meristematio tip And smee the pectic matenal in the tip fails to give the 
calcium pectate test, it may be assumed to be pectosc or pectm. 

Solubility and staming reactions showed the jneeence celluiose m both 
young and old walls The colour tests were partioulorfy’ mteresting beoaase 
they revealed certain clustered patches devoid of oeUalose Fig. 5 is a 
micrograph of cells m the bacteroid area of a hioeme nodule stained with 
Sofanltse’s reagent. Similar pits were found m the cells of the pea and clever 
nodules and the normal parenchyma of their root cortices as well The 
patches wen first seen m tissue stamed with cither Schultse’s or the l^dro- 
oeBufose test reagents (best m tissue previously treated with alkali) but are 
also visible in inah tissue deeply stamed with methyleiie blue or Congo red 
Ofeie'a first impression on seeing suoh pe^Nuattons » that the patches are 
actual perforations m the wallc, pmhape channels iff the pfoamodeemea 
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GAidiner (1897, 1901) who studied plasmodesmen, loaud them m puemdiyiae 
tissue and m his 1901 paper made the foUowtng suggestive lemaik *' Fann- 
chyma oeOs of the pith, if mounted m weak lodme oontaining about 10 per 
cent. Bulphuzio acid, show the cellulose walls Une emseptiiig where the dosing 
membrane is s|<amed yellow ” Tliat there is actually a closing membrane 
across the patches m the nodule cell walls seems probable from the foUowmg 
observation Some tissue boiled 1 hour m 3 per cent HCl and stamed with 
ruthemum red, showed very thin and delicate cell walls of the bacteroid-tiBBne, 
odouzed uniformly red, apparently only the middle lamellae being stamed 
Sdiultise's reagent, difiused under the cover-glass, revealed doublenesB of the 
walls, which appeared much thicker than when stamed with ruthemum zed 
alone Also the charactenstic white patches appeared tn the tkuJt Hue loj/ere 

the wMs Some pieces of tissue observed on edge showed a definitely 
pitted effect And so, while the patches are evidently similar to those seen 
by Gatdmer m the walls of parenchyma, they should rather be mterpreted as 
pits m the secondary layers of the walls and not necessarily protoplasmic 
connections, as the plasmodesmen are now conceived to be They may, of 
course, be the remains of the original plasmodesmen, bndged over by the mkblle 
lamellae but with the perforationB of the secondary layers of the walls enlaiged 
and distorted by the stresses of growth However that may be, the prosenoe 
of these differentiated patches m the walls is most significant ^ey vary m 
sue and shape, as may be seen from the photograph On tiasae stamed with 
Schultie’s reagent, the diameters ranged from 2*6 to 8 miem; this tissue was, 
of ootttse, amnewhat swollen by the reagent, so that the measurements are not 
to be taken as exact, but they indicate that the pits axe of snffieient sue to admit 
small infection threads Thu is not a new suggesiaon A seaioh of the 
literature showed that Voillemm (1888) also found the patohes not stainable 
by chlor-BuiL-iodide He described them as “fmitres” and mgenkmaly 
suggested that, thanks to them, the walls are readily permeaUe yet maintain 
their structure and strength 

The nature of the mfeotum thread must now be considered m order that its 
behaviour as it oroaseB a cell waU may be understood Thuuanoldaiidmiioh 
debated problem m the cytology of the nodule It has been known sinee the 
early desoiqitionB by Enksson (1873) and Ward (1887) that the mleotion 
thread spreads out mto a funnel-shaped enlaxgenient as it crosses the wall 
Ward (1888) attached no importanoe to the enlargement, remarking that the 
expuuioa of the cell wall after die passage of tiu infsotiian thread would aeeoont 
tat such an txpmmoe Frasmowab (1890) desotibed the enlasgeDMirt as a 
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pwHMve apieadmg of tho thread in the intaroeUnlar apaoe, fonned by the 
apiittmg apart of the middle lamella under the botmg aotioii of the infeotion 
thread On the nature of the infection thread iteelf, opimon is divided between 
two opposing views, namely, (1) that the thread is a sooglmal strand imbedding 
the bacteria, or (2) that it is a definite tube m which the bactena be imbedded 
m their own slime Several of the early investigators, Bnksson (1873), Ward 
(1887), Vuillemm (1888), Koch (1890), and Ijaurent (1881) rqmrted the outer 
sheath of the infection thread to oontam cellulose Moeller (1892) and 
Sdhneider (1892) granted that such a membrane is present but held it to be a 
deposit by the host cell to wall ofE infection Kny (1879), Fnlbeux (1879 and 
1890), and Zukal (1897) found no membrane and therefore considered the 
threads to be plasmodia Dawson (1900) failed to confinn the eaiiy reportB 
of a cellulose membrane but retoguisud that the infection thread is tube-like 
and bounded by a defimto sheath Peirce (1902) and Fted (1909) referred to 
the threads as zoogloeal strands, and Bumll and Hansen (1917) remarked theiT 
“ solid hypha*like structure bennng remarkable resemblance at tunes to a 
tube” 

Anyone who studies the infection threads carefully must be impmssed by 
their great variety of form, yet definitenew of boundary, and with the sharp 
contrast in refraotibty between them and the protoplasm of the host cells 
Thu u particularly evident in the infection threads m the root hairs, exammed 
fresh m a water mount Often m such mounts some infected hairs will be 
found meohsmoally broken, and then one may see the infection thread pto- 
jeoting from the open end, as rigid and clear as a glass rod Or perhaps the 
lateral walls of the hairs will be broken away and the infection thread, still 
intact, may be seen holding the broken hair m place A gentle tap on the 
cover-glass will prove how stiff uid resistant u such an infection thread. It 
IB bard to imagme a sooglceal strand behaving so Moreover, m prepared 
obdes it is common to see an outer layer or sheath which u defimtely stained 
by the same d]res that affect the cell walls of the jdant Sometimea, however, 
tbe sheath may be very poorly developed or not even present These naked 
threads are usually seen m very young infootaon spots or m cells aj^arently 
newly invaded 

A metoohenuoal study of the sheaths of infection threads was made in order 
to discover their probable ongm. They wore first tested for oeUnhwe, which 
was couaideied to be present on the basu of the following obeervationB — 

1. Shaaths SUTVIVB— 

Boding 6 hoiusm Spar cent HO 



580 


E MeOoy. 

(5) BoUmg 1 hour in 3 per cent. HC9 or loHowod b^r 1 hoar hi 

6 per cent KOH 

(o) Heating to 300*’ C. in glycerine (alone or after pn*tieatiiient inlli 
3 per cent boiling HCl 1 hour and 5 per cent boding KOH 1 hoar) 

(d) Boiling 0 6 per cent (NH«)tC ,04 1 to 0 boura 

(e) Heating to 180° C m 50 per cent KOH 

2 Sheaths m tissue treated as m (a), (h) and (o) above instantly soluble in 

copper-axide^mmonia 

3 Sheaths in tissue after any of the above treatments show positive stam- 

ing with Sohultze’s or the hydrooelluloae test reogmits Fredi tuaue 
also gives a positive test for oeUulose but not so deep a colour 




Ito 1 —A ooBwia lueida dnwing of the Flo t —A oamsta Inaida dnwiag shewing 
sheatholaD lafeetiou thnad os itap- aumobadjr the sapsntta of thehast 
praaohes the oell wall oells and the absanee of sheath aseem 

the middle iameDa. 

The colour tests for cellulose revealed an mtorestmg and aignifioant foot 
about the mfection thread Tissue treated to remove peotio and hamcelhdosBo 
matenols is necessarily fragile and easdy macerated, owing to loss of its " land¬ 
ing ’’ matenals The ooUuloee tests on such material produce a certom ssraOiiig 
which tends to separate the ooUs and shows that there m no sAenth anmd the 
tnfeeUon tkmd a» it eronet the mtddle lamella Text-figs 1 and 2 ore oamiia 
luoida sketches of such pieces of infection thread In one test on tiosae 
jnevtously treated for 10 days m eau do Javelle in the c<dd and boiled 1 hour 
m 0 6 per cent (NH 4 )|C)P 4 , the oeBs aotually Inoke apart and floated away m 
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Idle oorrents under the cover-glasB Several were observed m i^oh the 
sheaths of the mfeotion threads appeared as oomplete tunnels through the 
oetis Such observations provide strong evidence that the sheath is a deposit 
of the individual plant cell and not of the bacterial strand Also the sheath 
IS obviously attached to the plant cell wall through the ** funnel-shaped en¬ 
largement *', it 18 of the identical shade of blue in the cellulose-tested material 
and merges imperceptibly into the lateral walls of the cell The expansion of 
the slime thread lies entirely within the middle lamella, as Prasmowski pomted 
out 

The sheath also contains other constituents which relate it to the plant wall. 
Material extracted for 10 da 3 m u\ copper-oxide-ammoma and no longer giving 
the oellnlose reaction, still contams the sheaths of its infet^tion threads These 
sheaths are stainable with ruthenium red and thus may lie either pectic or 
hemioeliuloBic That they are not composed of cali^ium pectate is shown by 
negative oxalate tests They do contain the hemicellulose of the plant cell 
wall as shown by their survival of 6 hours extraction with 0*5 per cent 
after nrhich they can atill be stained by rutbenram red but not 
by iodine green They respond also to other properties of the hemiodluloBe 
noted eurher m this paper m connection with the study of the walls of the 
baoteioid cells The presence of the hemicellulose m the sheaths interferes 
with the detection of such peotic substances as pectose or pootm 

There is one other lino of evidence that may be cited in hivour of the host 
plant ongm of the mfoction-thread sheaths In material which has been 
heated to 800° 0 in pure glycerme, one often finds diamond-shaped pieces of 
cellulosio infection-thread sheath attached to some of the cell walls This 
indiootes that the sheaths form first at the cell walls, and would suggest that 
fliey wigmate at the cell walls and not along the gummy matrix of the tiuead, 
wbieh extends thtou;^ the ceil as well as across its boundanes 

SUMMAllY Am> GONOI.U8IONS 

Port / —The Infeo^on Bool Hotre 

(1) It 18 statistically proved that infection of the root hairs is not a mere 
mvasum of meohanioally mjund or broken root ham The pceemioe of the 
baetena, even of strains belongmg to foreign inocnlation-groupe, causes a 
significant morease m the number of curled and bent hairs 

(2) The nodule bacteria mvaoably attack the tip of a toot hair, a fact which 
may be related to some pie-existmg pbysioal ddlerenoe at that pomt 
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(3) The bacteria produce a necretioii capable of modifying the wall* as 
evidenced by the afanoimal curling of the root-hair tip This aeoretion is 
separable from the cells by filtration and is not specific for the plants ci the 
croBS-inoculatioii group to which the bactena belong* 

(4) The bacteria in culture could not be shown to attack cellulose, pectin 
or calcium pectatc Curl<Hl tips of root hairs, whether or not infected, contam 
the same constituents as normal hairs These constituents are celluloms calcium 
pectate and probably pectose, and a very resistant henucellulose 

Pari II —The Infection Tfmad wUhin the Nod/ule 

(6) The cell walls of the nodule contain cellulose, a hemicellulose, calcium 
pectate in the mature parts, and pectose at least m the meiistematic tip* 
Walls of the tip also give a protein reaction 

(6) There are numerous pits perforatmg the secondary layers of the widls, 
but the middle lamellcn appear to be continuous Those pits are of sufficient 
8126 to admit infection threads 

(7) The infection thread is surrounded by a definite sheath consisting of 
cellulose and hemicellulose, calcium pectate is absent and the presence of 
other pectic matenals has not been confirmed 

(8) The sheath does not cross the middle lamella, and is probably a deposit 
cf the individual plant cell 

(9) It IS suggested that the bactenal zooglosa crosses a cell wall by way of 
the pits and is later covered by the sheath, a product of host cell activity 
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EXPLANATION OF FIOURBB. 

Vuam 

Fiq. 1.— A pliotofDlaco^ of root hairs ol a pea plant grown m the pissonoe ol luoeme 
baoteria. 

Fu* X—A phot om icrograph of nonnol root ham of a dover pbuxt. 
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Jfto. 3«-*A fdMtoauatograpli of root haim of a oloTer plant grown in tha praMnoe of a 
fittnte of luoenke baotena 

Jftti i.— A pbotcnnkvognilkh ol root ham of a Inooma plant grown m the pmanoe of a 
filtrate of oIotw bacteria. 

Fia. 6 —A photonuorograph of the walls in the baoteroid area ol a lucerne nodule 

with SohulWs reagent The pits in the seoQindar\ layers of the walls aie visible os 
white patohes 
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FBANCIB DABWm—18m925 

FitAMdS Dabwin, the thiid sou of OhAilea Durwm, was bom at Down o& 
Atigiiti; 16,1848, be died at Cambridge on September 19, 1986. ia h» 
' Beodlectioiu ’ (one of the eeaaya in “ Bj^iag'time and other EaeayB ” (1990)) 
he says that he was chnstened at Malvern—“ a fact m whioh 1 had a oertun 
imBOcountable pnde But now my only scauntion is one of siuprim at having 
beoi christened at all, and a wish that I had received some other name 
When he was twelve years old he went to the Qiainmar School at Clapham kept 
by the Rev Charles Pntchaid, who became Savilian Professor of Astronomy 
at Oxford. This school was selected on account of its nearness to Down, 
and also because it “ had the merit of givmg mote mathematics and soienee 
than could then be found m public schools *' He was admitted to Trinity 
College, Cambridge, in 1866, where, in those more peaceful days, from hu 
bedroom he heard the nightmgales sing through the happy Hay nights Bfe 
desenbod the teaching of biology at Cambridge as being “ m a somewhat dead 
condition Indeed, I hardly think it had advanced much from the state of 
things which existed m 1828, when my father entered Christ’s College The 
want of organised practical work m Zooli^ was perhaps a blessmg m disguise , 
for it led me to struggle with the subject by myself. I used to get snails and 
dugs and dissect their dead bodies, comparing my results with books hunted 
up m the Umversity Library, and this was a real bit of education ” On one 
occasion “ a thoughtful brother sent me a dead porpoise, which (to the best 
of my behef) 1 dissected, to the horror of the bedmakm, m my OoUege rooms ” 

After obtaining a First Class m the Natural Sciences Tnpos m 1870 he went 
to St. George’s Hospital and in due course took the Camlmdge M B degree 
In London he “ had the luck to work in the laboiatoiy of Dr. Klem,” who gave 
him “ the fint opportunity of seeing soienoe m the making—of seeing research 
from the inside ” and thus implanted in his mmd the desire to wmk at sofenoe 
lot its own sake The chance of doing this, he says, came when his lather 
to(dc him as his assistant He did not cany out his mtentioii at beoomiag 
a ptaotmig physieian * “ happily for ms the Fatee willed otherwise ” He 
Ntumed from Loudon to the home at Down and for eight yean acted aa 
seoeettty end asristant to hu father. 

On nharla s Darwm’s death in 1882 Ftaacu went to live at Oambeidge and 
de^mted to Botany. He was elected a FeDow of Christ’s, hu fatitra^s 
ObDege, and in 1884» having been appomted Univetsi^ Lectuter he Botai^, 
he oiHipented with the Reader in Botaiqr. Tam, m teaching plaiM 
pl^niotegy. On the appobtsuBt of Dr Yinee to the Ghanr ci Boteaif et 
Obbed Darwin beoame Reader and held that position until 1904. nNliml898 
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to 1896 be acted as Deputy to Professor Babington, who had long ceased to 
take any part in the modenused and to him distasteful methods of instraotion 
Before oommg to Cambridge Darwin spent a few months m 1878 in the famous 
laboratory at Wttrsbuig under Professor Sachs In later years his relationship 
with Badis came to an unhappy ending, he published a paper oontaming some 
orttimsms of the master's lesearohes Having written to Sachs and obtamed 
oo reply, he tiaveUed to Wiirzbutg m order to ascertain the position of afiairs 
On a sk i n g Sachs why he was angry with him he received the reply the 
reason is very simple; you know nothing of Botany and you dare to criticise 
a man like me " In 1881 Darwin spent a short time working with Professor 
de Bary at Strassburg 

In 1882 he was elected Fellow of the Boyal Society, he was Foreign Secretary 
from 1903 to 1909, and Vice-Pw'sident 1907-1908 In 1909 the Honorary 
Degree of Doctor of Science was conferred upon him by his own University at 
the Darwin Centenary, he was the only Englishman so honoured. “ I have been 
astounded and delighted/’ he wrote m a letter, ** at a most charming letter from 
the Vioe-Chanoellor asking if 1 would have a Sc D at Cambridge Of course I 
can only accept gratefully I hope you approve—^it is against the prmciple of 
no Englishman need apply Reference may be made here to hia activity in 
connection with a small volume presented by the Syndics of the Cambridge 
University Press to delegates at the Centenary celebrations, entitled “ The 
Foundations of the Ongm of Species, a Sketch wnttan m 1842 ” The manu¬ 
script of this slbtch is referred to by Charles Daiwm in his autobiography as 
“ a very brief abstract of my theory ” , it was discovered in a cupboard at 
Down after Mrs Darwin’s death in 1896, and was edited with an mtroduotion 
by Francis Darwm for distribution at the Cambridge celebrations 

He was an Honorary Doctor of Science of Dublm, Liverpool, Sheffield, and 
Brussels, an Honorary Doctor of Laws of St Andrews and an Honorary 
Doctor of Philosophy of Cpsata and Prague In 1908 he was President of the 
British Association at the Dublm meeting, an appointment which gave general 
satisfaction to his colleagues both on personal grounds and as a recognition of 
the olaims of botany after a lapse of forty years In 1912 he was awarded the 
Darwm Medal, in 1913 he was knighted 

Darwm was mamed in 1874 to Amy Ruck of Pantlludw, North Wales. She 
died m 1876 m giving birth to their son, Bernard Darwm Many years 
later (1920) he wrote “ The Story of a Childhood" (privately printed) 
which IS made up of extracts of letters (1877-1891) written to the mother 
of hiB first wife, the story is of the early years of Bernard Darwm. This 
collection of excerpts is evidence of his love of home, of the smoenty of 
his statement that “ the domestic and intimate parts of life are the most 
kstmgly happy ”, and of his faculty of winning the confidence and love of 
young children. In 1886, with true prophetic vuuon, he wrote to Mrs. Rook, 
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when hiB aon was ten years old, " 1 am sure Bernard will be a great swell at 
golf some day ” 

In 1883 be married BUen Woidswortb Crofts, lecturer at Newnham College 
l^hey lived at Wychbeld, which they built in the grounds of his mother's 
house at Gambndge, until his wife's death m 1903 In these peaceful years 
he did the best of his work, and her powers of encouragement and cntioism 
greatly helped him m the writing of las father's hfe They had one daughter, 
Frances, now the wife of Professor F. M Comford, of Cambridge 

In 1913 Darwin married the widow of Professor F W Maitland, who died 
ml920 

It 18 fitting that the best literary production of Frands Darwin should be 
the Life and Letters of Charles Darwm As Sir Charles Slierrmgton said 
m his presidential addrt'ss to the Royal Society m 1925, this book is " by 
common consent one of the most admirable and delightful accounts ever written 
of a great scientific life, the modesty and Rim])licity of the presentation con¬ 
tributing to its charm " He gave a true picture of his father’s personality , 
his love of animals, his high sense of honour, his thought for those who served 
him, however humble theur position, and his modesty These are some of the 
many qualities inherited by Francis and illustrated m the two volumes of 
essays, ** Rustic Sounds ” (1917) and Springtime and other Essays ” (1920) 
As a reviewer of one of the volumes says '' a certain note of intimacy seems 
to run through the whole ” In an essay entitled " Recollections,” included 
m the later senes, there are many delightful sketches of scenes and events 
which remained fresh in his memory He recalls a general impression of 
” unwiUmgly attending divmc sorvuie for many boyish years and the 
“ smgular custom ” at Down of having family prayers on Sunday only , the 
butler Paislow, who was a kmd fnend to us al\ our lives ” and liad what 
may be called a baromal nature ” Darwm was a lover of music, though, as 
in other thmgs and persons, his tastes were eclectic, as a performer he pre¬ 
ferred the bassoon, the flute and the recorder, ” one of the most ancient of 
wind instruments,” which he desenbed with other old instruments m one of 
his essays 

Darwm was a genuine lover of Nature , ius sister, Mrs Litchfield, spoke of 
him ag the only one of my father’s children with a strong taste for natural 
histoty ” An essay on “ A Lane m the Cotswolds,” wntten when he hved at 
Bxodkthcnpe, reminds one of W H Hudson The following sentence leoalis 
the poet’s words ” The miracle of an earth reclad ” ” The great revolution 

that breaks out m the spring, when the store-houses of the plant pour nutriment 
into the numberless awakening buds, is a miracle annually repeated m the 
o B^ jiyai procession of life ” In later life he amused himself by followmg the 
example of Leonard Blomefield, whose ” Naturahst’s Calendar ” he edited 
in 1903, and other naturalists m noting the dates of the first blooms of wild 
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pkmtfi After giving a liat of flowers seen m February and Maroh he says 
“ To a lover of plants, this commonplace list will, I hope, bo what a score is 
to a musician, and will recall to him some of the charm of the orchestra of 
living beauty that springtime awakens ** 

In general literature he was faithful to a few authors, among his favountes 
were Dickens, Jane Austen—^in whom he took a special debght—the power 
of endlessly re-ieadmg the works of Jane Austen is the only advantage con¬ 
ferred by a bad memory ”—Trollopt% Thackeray, Walter Scott, Mis. Oaskell, 
George Ehot-~especially Middlemarch—and other, earlier writers 

I often recall what was probably the first occasion, now nearly fifty years 
ago, on which I spoke to Francis Darwm At the end of one of his lectures I 
asked hun a question to which there was no doubt in my mmd an answer would 
at once be given , he answered me with a smile, ' I have not the slightest 
idea ” This was thoroughly characteristic of him , many men would have 
admitted their ignorance to an undergraduate less directly, if mdecd at all, 
but he was always absolutely straightforward and made his students feel that 
ho was a fellow learner Neither by manner nor speech did he ever act the 
part of a superior person In an address on ** The Teaching of Science ” he 
said, ** The only lectures which impressed me, as an undergraduate at Cam- 
bndge, were those of the late Sir George Humphry, and his most striking 
words were confessions oi complete ignorance about many parts of physiology ’’ 
As a lecturer he mode no attempt to acquire the art of impressmg an audience 
by devices familiar to many speakers unconsciously he made an appeal by 
hiB naturalness and simple directness He had somethmg to say and said li 
m the simplest way On my asking him how he had enjoyed a certam pubhc 
lecture, ho replied m some such words as these '' The place where I lectur^ was 
separated from the rest of the largo hall by a curtam , from time to time some 
wretched person pulled bock the curtain to see what was going on, and at once 
retired, obviously saying to himself,' Good God' here’s a lecture ' ” 

It was a pnvilege to be associated with Darwm m the preparation of the 
“ More Letters of Charles Darwm ” (1903 ), his romimsoences of the family 
life at Down, descnptions of this and that “ tiresome person,” his keen sense 
of humour, were a constant joy 

Tlie photograph accompanying this Notice was chosen because it shows Darwm 
with one of many successive compamons (Scrubbms) from whom he was seldom 
separated His dogs were treated as he treated his best human friends and he 
seemed to derive no little satisfaction from their compamonship, possibly for 
the reason that they never bored hun As a quotation at the head of an essay 
on “ Dogs and Dog Lovers ” he chose Archbishop Whately’s words—” The more 
I see of men, the mote I like dogs.” The dog he liked best was ” an inferior 
Insh temer who gave me much trouble and anxiety.” 

Darwm always found it very difficult to hide his fedings when m unoongSDial 
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company, he liad strong prejudices^ quickly formed, and was not reticent 
m expEressing candid and torse opinions Of him it was true to say 

** He hath a heart as sound as a bell, and hia tongue is the 
Clapper, for what his heart thinks his tongue speaks " 

Intolerant of any trace of artificiality and affectation, he was quick to blame 
and no less quick to praise He realisc^d more than most men the value to 
younger people of words of encouragement and approval, no one could give 
greater pleasure than he did by his outspoken words of affectionate regard, 
words that went to the hearl. because they c amc from the heart His path 
through life was smooth , his hours of leisure were not curtailed through the 
necessity of adding to income by any form of drudgery He was conscientiouB 
m the discharge of such duties as he imdertook, but he did not willingly take 
upon himself tasks which mode large demands upon his time, or brought him 
mto contact with public business was generous m deed and thought to 
those less comfortably placed, and brightened many lives by his unfailmg 
kindness and S 3 rmpath 6 tic encouragement He was a man who inspired 
affection , lus kmdly blue eyes, his short c alls in the middle of a mommg’s work 
in the laboratory, with apologies for droppmg in with nothing particular to say, 
hiB sense of humour—^humour which, as he said in speokmg of Francis Galton, 
IB ** so priceless an antiseptic to sentimentality ”—his exceptionally lovable 
peisonahty, are memories which do not fade 

ACS 


Some presentation may now be made, by another hand, of the scientific 
work that Francis Darwm achieved His publications, dated from 1872 to 
1921, included, beside several scientific books, some sixty papers m addition 
to lectures and addresses No attempt will be made to survey all these, and 
this notice only deals with the two mam chapters of his biological activity 
For each of these, a sketch of the subject is given with Darwm’s particultur 
contnbutions in the foreground, set against a background of the general 
position of that chapter of plant physiology The two sketches are followed 
by a few notes mentionmg some of his other larger publicittions 

1 —Fbancis Dabwin’s Pabt in the Invkstioatiok of 
Gbowtu-Cubvatubes 

By growth-ourvatuies are understood those movements that growmg parts 
of plants make in response to the directive influence of factors of the enviTon* 
ment, such as unequal lateral illumination or nnnatural relatio&s to the 
direction of gravitation Outstandmg among the ourvatuies thus engendered 
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are those latx‘lled positive or negative geotropum and poaitive or negative 
hehotropism. From the close study of these phenomena dutmg the last half- 
century there has arisen a whole new world of vital relations and theories 
The earlier days of this human struggle to create a science we have now to 
survey 

Between 1880 and 1908 Darwin published a dozen papers and some public 
lectures on growth-curvatures, and gave m addition three presidential addresses 
to the British Association In this way he came to be identified m England 
with this field of work When he started his mdependent work the times were 
smgularly apt for him, so we may begin with a brief statement of the influences, 
Gontinental and English which combined in the years round about 1881 to 
produce a blossoming time that justified a text-book of that date appearing 
with the title “ The New Botany ” The essential forces at work were those 
that created plant-physiology abroad and plant-biology at home Both of 
these found a susceptible disciple m Francis Darwm 

In the years just before 1879 Sachs of Wurzburg had earned out a senes of 
studies of the anisotropic behaviour of plants- a term mcludmg the lateral 
curvatures by unequal growth already mentioned, as well as a vanety of other 
aspects of unilateral organisation First for geotropic curvature, and later 
for heliotropic also, ho came to the conclusion that these reactions were not 
ebgendered by direct control of the external conditions but belonged to the 
chapter of physiology which centred in “ Imtability ”—the response to stimuli 
He was struck by the similanty of those responses of plant-movement with the 
motor responses of animals, and he held that the sensitiveness of the plant, 
or of its parts, to one loud of stimulus m one region and to another land m 
another region was a general biological principle for plants, analogous with the 
provision of sense-organs m animals 

Sachs was a brilliant experimenter—“the father of experimental plant 
physiology *’ and invented most of the sunple methods still used for demon¬ 
strating the reality of the physiological attributes of the livmg plant. 

The year 1881 was marked out by a great botanic event It was then that 
Plant-j^ysiology may be said to have crystallised out m its pure form from 
the general solution of mixed botamcal Imowledge In that year W. Fleffer 
published the first issue of his masterly treatise m which the subject was given 
its general set of primary concepts, arranged m the clear philosophic rdatum 
that was to determine the facies and articulatiim of the subject for the next 
60 years In no part of his text-book was the treatment more bnUiont than 
in his presentation of Irntabihty 

Tunung to our own country at tbe same ejpooh, we find the outstanding 
figure of Charles Darwm who had been spendi^ a snooession of yean m Hm 
detailed study of the biological behaviour of plants. His votomes on fsrtiliaa' 
turn and on olimbmg plants were followed in 1880 by one entitled “ Ihe Power 
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of Movement m Plantn All this extensive work was based on the outlook 
and problems that arose from his previous survey of Natural Selection. For 
each exploration Charles Darvnn studied the life of a great variety of plants 
and made out the agreements and differenoea in the domestic economy of 
their individual lives Such work was a blend of biology and physiology and 
has been labeUed ecology, earning for its mvontor the style of the * father oi 
plant ecology *’ 

Havmg sketched the giant scientific forces that were then energising the 
study of plants we note that in 1874 a young man of 26 about to take the M B 
degree at Cambndge, started his scientiiie c^ircHT by assisting his father with 
expenmental work at Down, in preparation foi th(^ volume that was planned 
on the movements of plants When this appealed, completed, m 1880 the 
title page bore the inscription by Charles Dai^wiii assisted by Francis Darwm ” 

Throughout his life Francis Darwin had a pnifoiind belief in the philosophical 
identity of inheritance, memory, habit and tlie mnemonic association of stimuli 
He never declared whether the parental mfluenre (ame by inheritance or as 
an external stimulus durmg this apprenticeship, but his career shows that the* 
bnes of thought and of experimentation then initiated became a deep-seated 
habit for the rest of his life For a short time during this period of work with 
his father, Francis left Down and wont on a pilgrimage to the laboratory of 
Bachs at Whrzburg where he made daily contiut with that brilliant autocrat 
and with the current work m physiology His scientific personality now took 
its final shape and when his father died m 1882 h(* was laun<*hed on an inde¬ 
pendent career as a talented experimental plant physiologist whose mental 
interest m his work was strongest on the iticurrent question of what pught be 
the biological origin and significance in the life of these plants of the particular 
attnbuto under mvestigation. 

Havmg sketched the development of the worker, we pass to consider the 
work, and we may start by stutmg the general outlook on the nature of Growth- 
Curvatures that was coming to be adopted about 1880 

Heiiotropic curvatures under lateral illumination had been regarded by De 
Candolle as just the differential outcome of strong light on one side and weak 
light on the other side, deteiminmg different local rates of growth on the aides 
with the mevitable result of curvature The investigators of the period we are 
considering all rejected this view and insisted that the curvature was not an 
outcome of oppositions but a harmomous entity, a manifestation of Imtability, 
being a motor-reaction followmg the perception of a stunulus at a sensitive 
region, the reaction being produced by the conduction of excitation from the 
perceptive to the motor region, whereby the uniform growth rate on all wdes 
became rearranged as different growth rates on the two sides By Ffeffier 
it was disoovered that, as long ago as 1824, Dutrochet had expressed the view 
that these curvatures were not forced on the plant by external conditiofia^bnt 
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seU-gtaeiated at an indication from outside Hus view, whidi had been 
quite neglected, was now actively adopted. 

The Darwins regarded these curvatures as essentially biologioal adapbve 
responses to external signals arising in the iHaminational or gravitational state 
of the environment, the response and stimulus havmg become Imbed together 
by association duzmg the evolution of plants, so produemg forms more fit 
in the struggle for existence 

In the preface to “ The Power of Movement in Plants ” we find Charies 
Darwin stressing his view that all these growth-curvatuies of plants, which 
ate BO important as adaptations for existence, need not be regarded as a 
completely new type of growth-effect but may be derived as an extensum of a 
pre-existing general tendency for growing plants to carry out contmnally 
cironmnutatory bendings in all directions, oven under uniform outside con¬ 
ditions. In later years, after criticism by Wiesner, Francis Darwm admitted 
thht we still lack the knowledge to justify this view of the ongm of growth- 
curvatures 

Wo now pass on from our starting pomt to give an outlme of the progress 
m collecting evidence about the nature of growth-curvatures from 1878 to 
1908 when Darwm made his last contribution His twelve contributions are 
not referred to by title but are designated by roman numerals m order ci 
pubhcation and the date is given with each numeral The lectures and 
addresses arc distinguished by dates only 

Darwm’s first contnbution (I, 1880) would be the work presented m the 
“ Movements m Plants *' m association with his fatha Here we find recorded 
the early discovery of localisation of a special region sensitive to external 
directive stimuli The case was that of the localisation of the light-sensitive 
region m the tip of a seedlmg grass When a black glass tubular cap was 
fitted over this tip, one-sided light ceased to bnng about the normal positive 
bekotropic curvature Ifixperunontal demonstiation of a localised region lor 
perception of gravity was more difficult because wo have no materials that are 
opaque shields agamst gravitation Amputation of tips seemed then the oalj 
possible test after amputation of 1 >5 mm. of the root tip no geotropic sensi- 
tmly was loft and the root grew straight on, when laid honiontai If the root 
had been exposed horuontally before the tip was out off, then curvature down¬ 
wards would go on developing This seems satisfoctory evidence of localisa¬ 
tion of “ gravi-peroeption,” unless we admit that the shook the opetateon 
had rendered the plant insensitive to gravity Owing to this unresolved 
doubt the decision remained in suspense for a penod. 

An early mdependent contnbution by Darwm (HI, 1882) with experiments 
on splitting the root-tip in various ways without actual ampntatoon, {no- 
vided some support for this localisation 

A further contnbution (IV, 1888) to the theory oi curvatures was made by 
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Dftnrin with hiB research, conducted m Sachs* laboratory and published m 
Qennany He examined the effect of uniform all-round light on the giowth- 
tate of the root of White Mustard and found that light depressed this rate as 
compared with darkness Now it had already been shown that the Mustard 
toot curves away from a source of light, implying a greater growth on the side 
towards the light This seemed to prove conolusively that the curvature could 
not be the direct outcome merely of the difference of illummation on the two 
sides. If the curve should have had this simple ongin then the expectation 
would be more growth on the side away from the light and a positive holiotropic 
curvature * 

In 1891 Darwin gave a presidential address to the Biology Section of the 
British Association, in which he stressed tlic evidence for regarding all curva¬ 
tures as examples of imtability and showed how there had been a general 
abandonment of the view of Do Candolle and a new adoption of the neglected 
early view of Dutrochet (1824) The second topic m this address was a survey 
of views upon the mechanical cause of the observed curvatun*. establishmg 
that it was dw* to real differenees of growth on the opposed sides 

He also set out the (ritioism by Professor Wiesner (1881) who dcclmed to 
beheve that circunmutation of plants was universal and refused to regard it 
as the ongin of hehotropism 

In 1896 came a new discover}' from Germany m which Pfeffer and Czapek 
t<X)k part They provided evidence that the perception of gravity really is 
located in the root-tip, by the use of Czapek’s glass boot ’* This boot is a 
very short piece of glass tube of a size to fit tightly on the root-tip, and bent at 
right angles in its middle, so that when once the root has grown into it the 
root-tip IS kept at right angles to the general axis of the root If the root-axis 
is now placed honzontal with the booted tip pointing down, the gravity excita¬ 
tion does not arise and growth in a horizontal direction continues mdefimt/cly 
The effects of other positions all support the same interpretation 

Darwm’s next oontnbution (VII, 1899) aimed at getting evideiue of localisa¬ 
tion of gravi-peiception for the shoot as well as the root It was found possible 
to support very light grass seedlings by introducing their shoot-tips into glass 
tubes ^ exact fit If the glass tube were fixed honzontal then excitation of the 
tip would persist indehnitel} It was found that seedlings thus supported 
oazried out continuously curved growth so that a spiral or a knotted form of 
the shoot resulted 

In 1901 Darwm gave the evonmg lecture to the British Association In this 
he set out the evidence obtained by the use of controlling glass tubes—the 

* It must be meniumed here that 33 yean later it was pointed out by Blaauw that 
the side ol the root away from the souroo of light is really more brightly lit taside owing 
to the root having the form of a (^Imdnoal lens So the evidenoe of this expenment of 
DarwinVi has now lost the force that had been universally attributed to it 
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work of Pfefier and Czapek and his own expenmenta of 1699 Towards tlie 
end of biB lecture he spoke of “ unconsoiouH memory " and the wide conoeptaon 
of memory formulated mdependently by Butler and by Hermg. and e^nessed 
hiB mchnatiou to interpret on these lines the acquusitUHi of the power ci 
curvature by plants in the course of evolution He would class animals mid 
plants together from a psychological pomt of view 

Just before this lecture was given, there came from the Coutment a new 
conception the '' statolith theory ” brought forward in 19(K) by Nemec and 
by Haberlandt These physiologists and also Noll urged the view that the 
** fallmg starch grains ” known to occur in root-tips and m the endodermis of 
stems are the intermediaries between the direction of gravity and the excitation 
of protoplasm With any change of position of the plant tissues these grams 
can be proved to fall to the lowest part of the cell that contains them and lie 
there pressmg on the protoplasm at some quite uriacc‘ustomed region The 
cells contammg fallmg starch are to be regarded then as sense-organs and the 
protoplasm of their upper, lower and radial walls must all have difieient 
excitabilities so that the appropnate movement is mitiatod to bring the cell 
mto its normal position with the starch lying on the origmal bottom of the 
cell 

To this theory of gravi-perceptiou Barwm gave immediate adherence and 
carried out three short mvestigations which supported it« In contnbution 
(IX, 1903), he showed that the stimulating effect of starch grams on an un¬ 
accustomed Bide of the cell is heightened if the tissue is kept m vibration on the 
prong of a tuning fork so that the starch grains danui on the protoplasm surface 
A later contribution (X, 1904) dealt with the exposure of roots and shoots 
to weak centrifugal force which had long been known to excite in the same 
way as gravity. He found that with a force sufficient to displace the starch 
grains the appropriate geotropic excitation occurs 

In his next contribution (XI, 1904), he dealt with the problem of the similar 
occurrence of fallmg starch throughout a typical root system, made up of a 
primary root bearmg secondary roots, which agam bear tertiary roots Eadi 
of these three classes has its own type of directional reaction to gravity, the 
pnmary being positively geotropic, the secondaries dia^tropic, while the 
tertiaries show no directional control by gravity. A si^uficance was found 
for falhng starch in the tips of the tertiary roots by their behaviour after 
amputation of the primary root At this juncture the secondaries take on the 
property of the primaries and the tertiaries behave diageotropieaily hke 
secondaries. Without falling starch, it is held that this could not occur. 

In 1994 Darwm was President of the Botanical Section of the Bntuh 
Assoomtion and gave an address which dealt very fully with all the recent work 
m support of the Statolith Theory* He dealt m addition especially with the 
problems of diageotropic organs and the phenomenon of sectipetahty loj vdnoh 
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» fleshly curved organ may recover its straight direction after the stimulus 
has ceased An early contribution on diageotropic leaves (II, 1881) comes up 
lor mention in this relation 

In 1906-7 Darwm gave a course of lectures in London University ^hich 
were published in the New Pbytologist There ho expounded his satisfaction 
with the views of Semon who in bis book “ Die Mneme ” (1904) provided a 
non-psychological nomenclature for dealmg with vital behaviour of which the 
primary conception is the registration of stimuli as engrams m the 
organism These become associated with one another by repetition and 
can be called forth by one component of an original association of stimuli 
The association of heliotropic lurvature with a iight-stimulus would be an 
example of this 

He also stressed the quantitative studies of the relations between stimulus 
and response initiated by Fitting in 1906 Fittuig dealt with the effects of 
intensity and duration of stimuli, witli the result of weak intermittent stimuli, 
and With the reaction to opposed stimuli, of equal or different duration, in 
senal alternation An early contribution by Darwm (Y, 1888) dealt with the 
rdated problem of which angular position of u stem gives rise to maximal 
geotropic stimulus In 1908 Darwin was President of the British Association 
and debvered an inaugural address to the whole Association Addressmg a 
general audience he presented the wider aspects of growth-curvatures as a 
problem of biology and adaptation He drew parallels between the behaviour 
of plants and that of Protozoa as studied by Jennings in his work of ]9()4 
These were both presented as acquired habits, and changes of structural 
morphology in relation to external stimuli, as studied by Goebel, were brought 
into the same view of Habit He admitted m this address that he liked a 
blended mixture of psychology with physiology, and remarked that he 
generally got mto hot water with the psychologists for this impropriety 

Some of his scientific contributions not yet noted dealt with the subject of 
rhythm m plants and this found mention under the discussion of Habit The 
environment of the plant manifests a perpetual rhythm of day and night and 
the plant shows rhytlimic habits m correspondence Many of these rhythms 
of movement persist for a time when constant light or constant dark is sub¬ 
stituted for the normal alternation The sleep movements of leaves show 
this persistent rhythm At several dates in association with Miss Pertz, who 
ooKiperated m much of his research work in the Cambridge Botany School, he 
tried the production of rhythms, consisting of up and down geotiopio curvatures, 
by exposing plants to opposed gootropio stimuli for alternate periods of 80 
mmutes. This subject was dealt with in contributions (YI, 1892) and (YIII 
1908). In this treatment he used the ** intermittent ” klmostat designed by 
his brother Horace for this special work 

His last contribution (XII, 1908) was a further cntioal study of the early 
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subject of the geotropic curvature of seedling shoots fixed by their tips in a 
glass tube This was sent as a contnbution for the Festschrift to ProfesscH? 
Wiesner of Vienna Professor Wiesner had as long ago as 1881 expressed 
his dissent from most of the conclusions about the significance of circumnutation 
set out in “ The Movement of Plants/" but he had combined his criticism with 
such courtesy and personal fnendliness that the best human relations were 
always mnmtamed And so Darwin’s last contribution to this subject was 
sent to honour his earliest critic 

The problems of biology endure for ever, and as an epilogue to the phase thus 
briefly pictured we should note the prologue to a new phase of the mvestigation 
of growth-movements which is now m full swing It is based on the discovery of 

growth-substances” which can easily lie isolated from plant-tissues These, 
applied locally, will accelerate the growth of one side of a shoot as against 
the other side with a smaller dose or none, thereby a typical growth-curvature 
results These actual Bub8taut*eB are continually secreted by growing pomts 
and one-sided light or gravity alters the amount of them and more especially 
determines that tliey drift down more to the side destined for greater growth 
The connection between the ” sensory region ” au<l the ” motor region ” m 
plants IS thus brought about by diffusing chemical hormones and not by any 
conduction of impulses analogous with nervous activity 

II —Dakwin’s Kxsearches on the Control of Water-Loss by the Living 

Plant 

The phenomenon of the control of loss of water by plants giovnng with their 
leaves in an which is subject to considerable variations of dryness, and mtense 
vanations of radiation has long interested philosophical biologists, who seek 
to moke an orderly array of the complexity of physical, physiological and 
biological factors that are at work mamtammg the survival of the individual 
plant 

This field of work had a great attraction for Darwin, coming second only to 
the study of plant movement and having many aspects m common with it, 
as a problem of adaptation For the collection of data on water-loss he invented 
or developed a vonety of special pieces of apparatus With each new one he 
re-surveyed the fundamental problems seveial times between the yean 
1897 and 1916 To give a chronological account of the seven papers pul^shed 
m that penod would, then, involve a good deal of repetition* To avoid this 
the present notice of his work is a synthetic one m which the time-sequenoe 
IS Ignored and the whole body of results is rearranged under headmgs of the 
different major factors that affect water-loss As a preliminary to these 
divisions we present four sections, oharactensmg the vanous sets of mflmnoae 
that have to be taken mto account 



Ftai/ms Datmn. 


xui 


The Phystoal Factors determining Water^-Loss —^Auy damp object losing water 
to the floirounding air by evaporation may be presented formally as a physical 
system which has certain significant attributes, detennmmg the rate of water* 
loss' The parts of this system, entitled the source, the sink and the diffusion 
path, are conceived as being located at three different positions m space We 
may characterise them as follows 1 The source whore water is vaporised and 
the concentration of water-vapour, or humidity, E, is highest, in any steady 
state of the system* In a leaf this is located at the surface of the mesophyll 
cells 2 The Mnit where the vapour passes out of our field of enquiry This is 
located somewhere m the outer air Here the loc^ul humidity, e, wiU be least, 
the difference, E c, bemg the prime detenmnant of rate of water-loss In 
natural conditions e is an independent meteorological vanable Lymg between 
these IS (3) the diffuston-paih of flow, constituted by the mterc^ular spaces 
and the stomatal pore The vanable attnbute of tlus part of the system is the 
ciosB-seotion of the path, which we may express as a resistance to diffusion, 
R, nsmg as the cross-section is diminished locally 

Footers of General Physiology affeOtvng Woter-jEfOss —On the physical 
properties of our system, which is losmg water, there are superposed certain 
vital properties general to all cells whether they are specially concerned with 
water-loss or not. One of these properties is the hoal prods/tciion of heal^ owmg 
to respiratory metabolism This will accelerate vapour-production at the 
source and enable a supersaturation value of E to be momtainod there, so 
that the cell can distil off water even with a saturated value of e at the sink 
This local production of heat will cause water-loss to be m excess of physical 
expectatiou, also, at all lower values of e 

A second fa( tor of general physiology arisc^s from the increased permeaMuy 
of protoplasm that is assoc latcd with hght This altered state is known to 
^ect metabolism and may also mcrease the vaporisation possibihties 

Factors of Special Physiology Guard-Cells —Those highly mdividualised 
cells m the epidermis of leaves have special functions m relation to water-loss 
As they are placed like throttle-valves round the openings of the intercellular 
diffusion-paths, they directly affect the transverse section of this path, and so 
the diffusion-resistance, R If they develop a largo amount of osmotic 
substances they will withdraw water from the adjacent epidermis-cells and 
e^iond, thereby openmg the stomatal pore The guard-cells may thus be 
said to compete with the epidermis for the available water. With low osmotic 
contents the guard-cells may lose water to the epidermis and become so flaccid 
that the pore is closed. The guard-cells appear then to bo capable of exercismg 
an mdependent mitiative m the control of water-loss The manner of their 
workmg is to be explored later 

Factor of Btdlogiodl Control Stimulus to GuardrCeU Movement.—The most 
difficult problems for elucidation m this field of enquiry are those which arise 
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wiien we consider tjie ioim-«hanges of the guaid-oetls as a special ein mfte of 
plant movement and then start to enquire precisely iriiat changes in the 
environment act as stimuli to movement, and the nstnre of the cham of pro¬ 
cesses between the stimulus and the reaction. This reaction only takes place 
with livmg protoplasm, so the general state or “ tonus ” of protoplasm must 
afEert the nature of the rea< tion 

Such ate the four strata of causal relations that mtecaot on one another to 
determine the rate of water-loss of a leaf under the natural range of variation 
of the humidity and illumination of the leaf’s environment. Though all the 
data (ould, m theory, be gathered merely by weighings, yet the interpretation 
of the variations of rate of loss that would be recorded involves a large part of 
the physiology of plants 

Darwm worked through this held of phenomena at difEsrent times with 
different instruments, the prmciples of which we shall next desenbe and then 
pass to the results that he obtamed 


Danmn’n InglrutnetUs for the Invmugatton ef Waiet-LoBa 

Darwui had a striking natural talent for designmg simple pieces of apparatus 
in response to his needs us an investigator A chronological senes of those 
employed in his work on water-loss is set out below The potometer, the hygro- 
scope and the porometer are so simple that they consist essentially of a prmciple 
rIoth(‘d in the imninium of glass, rubber and cork The electric recorder was, 
of (.ourse, a highly (ompli'X scientific instrument, but this was designed by his 
brother, Horace Darwin primarily for non-biological purposes 
The Potomdtw (1884) -This oonsistod of a glass reservoir of water into which 
a i lit shoot was fixed air-tight so that it sucked out the water and created a 
reduced pressure in the apparatus Through a side capillary tube air bubbles 
are drawn in succession from outside to neutraliBe the reduced pressure The 
rate of the mfluw of the air bubbles gives a measure of the rate of uptake of 
water by the shoot When steady conditions have once been established m the 
cut shoot, this “ potometer-rate ” gives an aoouiate measure of the loss of 
water by the surface of the shoot to the surroundmg air Similar, but lees 
sensitive, forms of this apparatus had been published by other physiologists 
The Hom-Hygro$cope (1897) —This little mstroment is ciHistiructed out of 
small Btnps of hom-shavmg specially treated so that the stnp expands on the 
face exposed to moisture, it thus curls away from the surface of a leaf to a 
degree deternuned by the rate at which water vapour is pouring out from that 
surface. The strip is provided with an index Inistle and a tmy cardboard 
scale and can be transferred from one leaf to another to give an empirical but 
quantitative measure of the water-loae, at any spot on the stomatal surface. 
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The JBl 0 D^f•o Beoorder of Leaf~co6hng (1904) —^An evaporating leaf can be 
arranged ao that, by contact with a platinum wire grid, it absorbs heat from 
this gnd If the wire is part of the circuit of an electnc-resiatanoe-thennometer, 
the nee of the wire’s resistance is a measure of its cooling and so a very sensitive 
recorder of the rate of evaporation from a leaf, mmute by mmute, can be 
ooDstrueted 

The Parometer (1911)»*Thi8 instrument was a new mvention by Francis 
Darwm and differs from all the others m that it gives a measure of the degree of 
openness of the stomatal pore It provided a new power of analysis, as the 
change of total water-loss, which the other mstruments alone record, can lie 
exammed as to whether it is associated with change of the aperture ot the 
diffusion path (R) or is due only to alteration of the humidity of the source and 
the sink. The porometer in its simple form consists of a small glass bell- 
chamber which IS sealed to the stomatal surface ol a leaf by gentle pressure on 
a golatme disc By suckmg on a branched side-tube negative pressure can be 
established m the bell-chamber and a water oolumn raised from an open water 
vessel The rate at which, when the suction is stopped, the sinking water 
column draws air through the stomata and intercellular spaces of the leaf 
gives a primary rate of air fk>w ’’ value which measures the grade of openness 
of the pores The square root of this value gives a measure of the diffusive 
capacity of the pore for the outward drift of water-vapour 

The value of a measure of the rale of flow of air through stomata to give 
evidence of their state of openness was recognised by N J C Muller m 1873, 
but hiB procedure was too complicated for much scientific application 

TheElminanm of fiftomo/ul Control (1914) —^Darwin thought out a technique 
by vduch water-loss could be studied in a leaf from which the factor of control 
by guard-cells had been eliminated The preparation of such a leaf involves 
rather drastic treatment, but shoots of hardy (^vorgroens seem to subnut to 
this without serious injury The surfaces of the stem and leaves are rubbed 
over with vaselme so that all the stomatal apertures are blocked After this 
a defimte number of razor cuts is made through the blade of each leaf so as 
to allow the escape of water vapour from the intercellular spaces to the outside 
mwV cut openmgB which are not throttled by guard-cells The number of 
c^ute n^e is such as to give approximately the normal water-loss per leaf 
This water-loss is sometunes directly measured by weighing, but usually by 
attaching the shoot to a potometer for measuring water-intake as a guide to 
water-loss. 

The of Dfi/ness and Humtd^y on the Wat&'-Loos of Plants 

Having now formalised the transpiring leaf as a physical system consisting 
of soucoe plus difiosioii path plus sink, and described the instruments with 
which the rate of water-low has been investigated we pass to consider the actual 
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behaviour of the living plant and the problem of hour it eoniM to depart fram 
that of a non-living system 

In the present section we will deal with Dorwm’s wodc on the effsots of 
ohonges m humidity, leaving the expenmentsl woih on illumination to the 
next section. For the mtegrated water-loss tram a sunide phyuoal qvtem we 
should start with the expectations that (1) decrease of humidity at tiw souioe 
would decrease water-loss, while (2) decrease of humidity at the sink would 
moteose loss 

In expenmental work Dorwm applied the fust cuttmg through the water 
channels m the leaf-stalk, and the second by movmg the leaf still on the j^kmt, 
from damp air to dry air 

Sediuctium cf HvumdiUy at the Soiaree —^The OEkct on the water-loss of cutting 
or olampmg the leaf-stalk can be observed with the horn hygroscope placed on 
the stomatal surface of the leaf, or recorded by placing the non-stomatal 
surface m close contact with the wire gnd of the electric recorder Dnectiy 
after cuttmg, either method shows a qmte unexpected mcrease of waterdoas 
which may get greater and greater for some 10 mmutes, after which the water 
loss starts to decline and thenceforward goes on making a steady approaoh 
towards zero. There can be no physical eiqdanatioa of the temporary rue 
of water-loss With the system in questum, thu could only be mter^ted 
as due to wider opening of the stomatal pore. By the direct use of the poro- 
meter the opening was established, even to the extent that the difirave 
potentiality of the stomata might be raised 1 8 tunes, immediately after 
cuttmg, and that this increase might last for 26 mmutes before decrease sets 
m. To what was this strange opening of the pore to be attributed ! Cutting 
of leaf-stalks is no part of normal biology, but a clue to the nature <rf the 
x nAchanism mvolved might be revealed here Clearly any loss of water by 
the guard-cells should close them, but we observe an opening. Could it be due 
to detnrgesence of the surroundmg epidemus lowermg the pressure with 
which it opposes the openmg of mdividual guard-cells ? 

This transitional increase of water-loss so<m stops and there follows a rapid 
deobne of water-loss, which is obvious and weU-marked with all instruments 
It might have been possible that the deobne was wholly due to falling humidity 
at the source, but Darwm’s application of the porometi'r to withetmg leaves 
proved that the stomata shut progressively and rapidly so that the rate of 
water-loss is greatly reduced and thereby drying up is postp<med What 
then causes the guard-iiells to close m this second phase though they opened m 
the first phase 1 By this tune, the general water-joss of the leaf has proceeded 
further as its suppbes are completely out off, and the guard-cells themselveB 
may be held to undergo loss of turgi&ty and mechanical oollapee. Orposmbly, 
as Darwm suggests, a stimulus may be transmitted to the guard-cells anamg 
out of the general detuxgesoence that has taken place m the leaf 
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VattaUon of Humidtiy ai the S%nk —^We now pass from the uunatural con¬ 
dition examined in the previous section to consider the effect of alteration of 
the relative humidity of the Buirounding air on thts rate of the plant's water- 
loss This may be said to be the most irregular natural variable m the 
biological experiences of plant life 

The physical expectation of the effect of reduced hunudity at the external 
sink 18 , of course, increase of wato-loss by reduction of e values , and thus the 
opposite of reduction of E, at the source Withm certain limits this cxfKscta- 
tion may be fulfilled and a steady increased water-loss be maintained in a leaser 
humidity provided tins lesser humidity is itself still very high In the region 
of oxpcnmentation that Darwin explored the variations of humidity used ore 
more drastic and the more immediate effec^ls of change are alone investigated 
He found it was very rare to get a plant which did not react in the revorset 
of physical expectation hen brought fi'om a greenhouse into a dry laboratory, 
and thereby exhibit a loduction of water-loss Tins reduction we should 
attribute to biological regulation by the reaction of the guard-cells Ah we 
have indicated higher up, the behaviour when the humidity at the smk is 
lowered partly depends on the productive power of the source Aloi had 
pomted out, and Darwin confirmed, that if the soil of a pot plant is abnonnally 
saturated with water then a higher rate of water-loss initiated by a drier sink 
may be maintained without any regulatory closure of stomata Here we 
sliould hold that no dcturgesoence took plac e 

In attemptmg to distmguish the part that is played bv stomata, it is very 
important that we should acquire knowledge of the behaviour of thi- source 
when the superposed control of guard-cells is removed This piece of analysis 
Darwin succeeded in carrying out by the waxing and cutting technique which 
has been already described (see p xv) Treating leaves m this way, he arrived 
at the water-loss of the shoots by measuring their intake from a potoineter 
Those experiments were earned out for a wide range of relative humidities of 
the external air, from 60 per cent to 95 per cent 

Here m the absence of all guard-cell control the physical expectation is 
completely realised and the water-loss falls off in a straight line relation to the 
nsmg humidity at the smk An array of data of this type had not been brought 
forward before and when set out graphically it was obvious that water-loss 
was not dnftmg towards a zero value m air of 100 per < ent relative humidity 
but that the slope indicated a quite considerable water-loss m saturated air, 
falling to zero only m a suiiersaturated state, located on the graph at about 
105 per cent relative humidity Here than was a demonstration of the reality 
of the physiological expectation described on p xiu that the c ontmuous h"at- 
production m respiration must give a ** distillation effect ” 

Having acquired a picture of the behaviour of water-loss m the absence of 
guard-cells we may return to the normal leaf with its biological controls 
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With uonnal plants in seal of nonnal humidity nearly ail the observatirnis 
that Darwm made with diy air indicate a specoml initial phase of moteased 
water-loss fdlowed by an adjusted phase m wfaidi the water-loss becomes 
markedly decreased The electrical recorder of the heat**absorptton that is a 
ooiLOomitant of increased evaporation gives the clearest xeoc»ds of this initial 
efEect Such an mcieafie is in accord with physical expectation on reduction 
of e Whether there is an actual wider openmg of stomata associated with it 
was not tested by the porometer, as the humidity of the air inside the poro- 
meter would require special controllmg comphcations This initial phase 
may last perhaps 20 nunutes. After 80 minutes or so there sets in a marked 
reduction of water-loss when the potted plant is brought from the greenhouse 
to the drier laboratory Numerous measurements with the hom-hygroscope 
prove the generality of this efEect The reduction comes on before the eye 
detects any appearance of wiltmg m the leaf-blade It can only be attributed 
to closing of the stomatal aperture by deturgescence of the guard-cells The 
stimulus for the production of this biological control of water-loss Darwin 
would attribute to an initial general deturgesoenoo of the leaf 

We note that the imtiatum of this stomatal closure is less humidity at the 
sink, and yet it closely resembles the closure initiated by less humidity at the 
source As physical causes, these two lead to opposed effects upon rate of 
water-loss When we seek some common aspect to suggest as the directing 
c^use of change of guard-cells, we find it m the state of reduced water content 
of the leaf tissues intervening between the leaf water-supply and the external 
ain The analogue of this on our physical system witdi water vapour drifting 
from E to 6, the rate of flow bemg detennmed by E e, is the fall of the mid- 
E ■4“ e 

value " ■■ J* ' that can be produced mdifietently by lowering either E or e 

A 

alone 

It IB in this general deturgescence rather thanm direct deturgescence of guard* 
cells that Darwin sees the stimulus which Imngs about the reaction of the guard* 
cells. Smoe the date of Darwm’s ezperunentation it has bcoi shown by Tboday 
that leaves shrink a lot in area under conditions of strong waterdoss such as 
exposure to direct sun This dinnkage is easily measured m a imeu direction 
between Indian ink marks on the leaf euifaoe and it nu^t be that a senes of 
such measurement would give the best direct mdex of the degree of openness 
of stomata 

Th» Effect <ff lllmmattm and Darknete upon Ac Watcr-Loes of FbuUa 

Taking up the factor of lUuminatioa we leave wnple physical ezpeotations 
bchmd us, as bght has no ptunaiy effect upon tin mte of evaporation from 
^mp surfaces to aix. We have seen, however, m out tnttodoctim that h^ 
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nugbt mdease the efficiency kA the sonroes of water-vapour (see p« xiu) We 
have now to bnng together the expenmenta znade by ^rwm which seek out 
evidence of this g^eral effect of light aa well aa such special effects of light on 
guard-cells as can be shown to take part in the biological control of water-loss 
As a foundation for this special enquiry we have the general view of the pioneer 
workers that the stomata on. loaves are open by day and close at mgbt 
The first experimental finding that we have to record is the full confirmation 
of the reduction of water-loss that follows artificial darkening of leaves during 
the day-time Numerous observations with the potometer and the hom- 
hygroscope and a few with the electric recorder show that this effect is widely 
charactenstic of typical leaves But this is an integrated effect and calls for 
analysis. The special waxmg and cutting technique introduced by Darwin 
allowed him to examme the behaviour of the evaporating source apart from 
guaxd-oell control The measurements of intake by these shoots drawing 
water from a potometer showed higher values m the diffuse light of a north 
window than in darkness The ratios for the two states are very variable, 
ranging from no change to two-fold water-loss. Susceptibihty seems to be 
seasonal as the summer increase is much greater The average ratio for a very 
large number of cases is 132/100 From these data one seems justified in 
holdmg that light-effects, of the nature of permeability changes, increase the 
evaporating efficiency of the mesophyll cells 
By applying the porometer as a measure of factor R it was made quite clear 
that a considerable increase in the poro-opomng is associated with light As 
light increases both of the factors makmg for increased water-loss, Darwin 
attempted the rather difficult task of distnbutmg the total effect between the 
two factors The nature of the survey was to study how closely the variations 
of diffusion-potentiality, derived from the porometer rate of flow, follow the 
drift of total water traffic measured by the potometer The agreement is 
not very detailed, so that we cannot yet be sure of the corzeotness of the view 
that the influence of light on the guard-cells is by far the more important factor 
It 18 interesting at this stage to point out a marked difference m the process 
of closmg of stomata when brought about by darkening instead of by drought 
With darkening there is no sign whatever of the special transitional phase 
observed in drought m which, for some mmutes, the stomata become more 
open. With darkening there is a slow steady declme of water-loss bom the 
moment of darkenmg This is well seen m a few records with the eleotnc 
recorder We conclude that light has only a smgle type of effect, a physiological 
acoeleiEtiOQ of water-loss, while drought has two types of effects, physical m 
mcieasmg loss and physiological m reducing loss 
A more recent disooveiy m the physiology of guard-cells made since Darwm's 
wmk cannot be passed over without reference here. Iljm stressed the impor- 
taaoe of the fact that the starch, which is so charactocistic a content of guard- 
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cello, teadily passes over into sugar by a simple exposure to light thereby- 
geneiatmg osmotic substance which will tasse the water absoirptioii and the 
turgor. On darkening the process is reversed. The li{^t and darkness ate 
held to work through the catalysts concerned in the Btatch‘«ugar conversion. 
Humidity of air has similar relations, exposure to dry ur leads to starch- 
formation while humid air re-forms the osmotic sugar content Appaiently 
we can now feel safe m interpolating this protc^lasmio control of the amount of 
osmotic substance into the cham between tiie initiating dry air and the final 
change of form of the guard-cells, but the problem of how the imtiatory process 
comes to afiect the metabolic machinery of the guard-cells is still left on our 
hands 

Nocturnal Chture of Stomata Day and Night Rhythm —^The approach that 
was made by early workers to the influence of light upon stomata was to stress 
a phenomenon called the Nocturnal Closure of Stomata and to enquire about 
its mechanism, the range of its occurrence and its biological advantages 
Darwin surveyed this field with much thoroughness by the aid of his delicate 
indicator of relative water-loss—^the hom-hygroscope—and the range of plants 
that the Cambridge Botanic Garden could provide Subsequmt work with 
the porometer showed that it is really closure of stomata that reduces the water- 
loss at night It appears that closure begins well before sunset and reaches 
its maximum about 10 p m In the mommg reopenmg begms before sunrise 
Darwm was much mterested to enquire whether the constant repetitions of 
this rhythm of change had led to any mherent penodicity m the sequence of 
stomatal states As a test for this he used the formal method of finding out 
whether artificial light would bnng on openmg when the stomata are m normal 
nocturnal closure He found that the stomata are mote readily induced to 
open by light applied at the end of the closure m early mommg than by light 
appbed dunng the closing period m the early evenmg The responsiveness of 
the colls IS difierent at these two penods of tune and thus evidmce is provided 
of some inherent penodicity m the protoplasmic states. Darwm concluded 
that there » a definite inherent reaction of nocturnal closure and this has been 
more clearly brought out m expenments smee his date Maskell has observed 
that powerful constant artificial light all through the 24 hours will not prevent 
the stomata of a leaf olosmg dunng the early evening to a imnnnal opening at 
10 p m It 18 interesting to find t^t m this constmit strong light they do not 
remam shut, but soon start to reopen and may be fully open again long before 
the normal time 

Darwm speculated not very soocessfuily about the biological advantage of 
nocturnal dosure, although he found that aquatic and marsh plants hardly show 
it and it is only sUght m leaves which have a special “ sleep position ^ their 
leaves at mght 
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III.— DaRWXK’b OTUSft BtOliOGlOAL WoRKS 

Omitting any reference to the contents of the large number of short papers 
that Darwm published, there are certain of his scientific activities that led 
to the production of books and so call for mention here 

His well-kaown class-book The Practical Physiology of Plants ” appeued 
in 1894. This book was built up on his experience m holdmg a practical class 
in this subject for many years No book of this type had been available m 
Hnglish before, as Sachs’ “Exponmentalphysiologie” of 1865 had never been 
translated Darwm’s book ran into several editions 

He also pubbshed a small book entitled “ Elements of Botany ” (1895) which 
presented the lectures that he had given in Elementary Biology to medical 
students. 

The Makers of British Botany ” (1913) was a volume of composite author¬ 
ship to which Darwm contnbuted an article on Stephen Halos who, though not 
a botamst, created, all by himself m the exercise of his power as an investigator, 
many philosophical aspects of plant physiology. 

Darwin’s edition (1903) of A Naturalist’s Calendar ” was referred to m the 
biographical part of this notice 

To end this list we may mention that Darwm lectured for a number of years 
on the Natural History of Plants Finally he printed his lecturo-notcs with 
descriptions of all the plants to be exammed in the practical work Sets of 
sheets amountmg to 100 folio pages were bound up for private circulation, but 
never published 
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SAMUEL BAENETT SCHRYVEB-18e9-1929. 

Samusl Baknett Sohbyveb, who died on August 21,1929, was the son of lAie 
late Lewis and Elisabeth Schryver and was bom m London on March 16, 
1869. He was educated at University Gollege Schod and University Ooltege, 
London After taking his degree of Doctor of Science at London University 
he worked for a tune at the University of Leipzig where he took a Ph D degree. 
After his return to England he held an appointment from 1893-97 as assistant 
lecturer and demonstrator of chemistry at the Umversity OoUege, Liverpool 
Prom 1898 to 1901 he was on the stafE of the Wellcome Research Laboratones, 
leaving that position to become Lecturer m Physiological Chemistry at 
Umversity College, London This post he relinquished m 1907 on his appoint¬ 
ment os Physiological Chemist to the Research Institute of the Cancer Hospital. 
In 1913 he was appointed Assistant Professor of Biochemistry at the Imperial 
College of Science and Technology, becoming full Professor m 1920 He 
was elected to the Fellowship of the Royal Society m 1928 

Sehryver’s earher work was m pure chemistry, on the quartemary 
ammomum compounds, the oxidation products of tuipentme, the structure 
of motphme, etc On his appomtment at Umversity College his attmtion 
was naturally directed to biochemical problems and it was this field of chemistry 
which engaged his mterest until his death. His earlier wodc m this field, 
partly m collaboration with Dr Lane Claypon, was on the phenomenon of 
autolysiB, he also made observations on the excretion of mtn^en by mnmal 
individuals While at Umversity College he published a report on Food and 
Food Products for the Local Qovemment Board In the course of this wodc 
he markedly improved Rimmi’s test for formaldehyde so that it would detect 
1 part m 1,000,000 This improved method, which is often known by hk 
name, he later applied to the detection of formaldehyde produced when crude 
chlorophyll is exposed to sunlight 

While he was on the staff of the Cancer Hospital he worked, with Dr. 0. 
Singer, on the gastric juice m malignant and non-malignant (Bsease of the 
stomach and duodenum Schryver was mterested in the state of aggregation 
of orgamc substances and this led him to the study of dot formation sod 
ei^cially of the clotting of milk by rennm also studied the unoonjugated 
adds of ox bile and densed a method for the separation of oholabe, oholeie 
and deoxyohdeio acids. 

Hk esKazeh work at the Zmpeml Odfoge fofioved two mam dkeotfons. 
Them was on the one hand his work on which oenswted of a study erf 

the proteins of leavee and Of the constituents of the oe]l*waU. The woric on 
the leaf protems was begun with the oo-operstion of Dr A. C. CQubnsll, who 
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]uui bMQ leq^iansiblo tot its latoe developisonte. White engaged on iroide on 
the odl-'waU he investigatedl peotais and hnoiodliiloseB. Be mu ted to ^ 
view that both pectio acid and the hrauedUnkeiM wen cmnpteMa of uonio 
acid with sugars, for which cono^ezes he enggested the n*nm polyorcniden. 
The other mam direction of his work was the result of mvestigatii^ under* 
taken for the Adhesives Committee which was appointed m 1917 and, later 
(1919), became the Adhesives Besearch Ooranuttee of the Department of 
Soioitific and Industrial Besearch. These mveetigationa ted bim to an 
elaborate study of the purification uid properties of ^latm and, as a ootolhuy 
to this, to detailed work on the separation of the products of protem hydrolysis. 
In his work on gelatm he studied the iotmation of gelatm from its preoursor 
in which it was shown that the composition of gelatin was a variable one 
depending on the previous treatment of the pieourser or of the gelatm itsell 
Intensive studies were undertaken on the paxifioatum of gelatm m whioh 
electrodialysu was found to be veiy effective, thouj^ owmg to the action of 
water such purified material was apparently always contaminated by the pro¬ 
ducts of the action of the water, which produced even at a low temperature a 
change, irreversible m nature, which could be observed m a few hours 

Hia most sinking work—undertaken with lus studrats—^was that on the 
separation of the products of protem hydrolysis, m which he developed Sieg- 
fned’s barium carbamate method for the s^Huation of conmo-aoidB. By its 
use he was able to isolate several hitherto unknown substances. From ismr 
glass nod edestin he obtamed hydxozylysme, and from the {^utebn of oats 
two new anunohydroxy-aoids, anunohydxoiqrbutyrio and ammohydtoigrvateine 
acid, the first forming an msolnbte and the second a soluble coppet salt. 
From oat and from the protem of the ooster oil bean he obtamed an oi|^- 
osrbon aoid, C|HuO|N,, which he termed iHrotoctm. From gelatin whudi had 
been treated with acid he separated dMysme. 

From 1918 onwards he was also occupied with mvestigations on the mdnixtioft 
and autolysiB of yeast, m the course of which the interestiog observatnw mu 
made that washed yeast autolyses much mote steady than aawadied. 

fie pnUiahed two books, one in 1909 on “ llie Cteneml Ohsxaoteis of th* 
Prottins,*' and “ An Introduotten to the Stu^ of ftotegteid Chemistty 
whioh ai^ted in 1918. Hu scientifie papoes and notes number nearly n 
hundred. 

Be team^ in 1910 ISaie, oneof the two daughtotaof Axtinit Davu, a wtiK 
known Bebsew sohedar. He leaves two daugli^stB. 

Sidueyvnr was an enthusiBstio investigator, m tdsas uid with a madud 

onginality of cutteok. Bis reseaioh stndsnts lomid him not onty an insuring 
teacher buttica who tiwktbe keenest mtcrest m their welfaie aa^ was always 
ready with adldiro aiid.g!enetO^ He was a man of wide mtersite, a tevsr 
of with as appeeotetion of modem composers In hu wtitinge ha 
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oombmed clarity «| thought wM a Iseling hit h mot junk. IChe omiehiinaa 
of bis ac^tifio oatoeor at a compatatiTdly Mudy age, «ih& he waa atill m tilie 
foil tide of mveatagation and the leadw of an active acbool of leeeaieh, vraaa 
great Ion to bioohemutiy 

Adcnowledgmsat ia made to the vmter of the obitoaty aotme in the 
* Journal of the Chemical Society * 
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WILLIAM CARMICHAEL M'INTOSH—1838-1931 

At the time of his death Professor M‘1ktosu was one of the senior fellows of 
the Royal Society, having been elected so long ago as 1877, and he had out¬ 
lived nearly aU the associates of his prime To the younger zoologists of the 
present day, perhaps, “ the man was no mote than a voice. In the white winter 
of his age, to those With whom he dwelt, new faces, other minds,” yet to any 
who cared for the histoncal development of that science it was somethmg 
memorable to talk to a man who had known Edward Forbes and sat at the 
feet of John Qoodsir, and who, having met Monro terttus, hved to discuss the 
Polychcsta with Monro's great grandson 
William Carmichael M'lntosh was bom m St Andrews on October 10, 
1638 His father, Baillie John M'Zntodi, was a builder and contractor m 
St Andrews and, as town councillor and magisttate, was comment for many 
years m the civic life of that ancient mty. It was {oobaUy his mother who 
awakened the boy's interest in the hving things of the sea, f<tt, as he teUs us, 
it was she who, with his sisters, Imig afterwards kept him supped with 
material for hk researches when he was livmg mland at Muithly One 
of the sisters, Boberta, afterwards the wife of Dr Albert Otinthm, was an 
aooomplished oxtist, and her exqomite cokniied dtawingB adorn many of her 
biothet's iratkB. It nrast have bem in his bo^dtood aise Hiat he met Bditaid 
lorbes ud accompanied him on seashore exoimnons ait St. Ambews 
After his sdiool'dayB at Uodras College, M'Dxtodieintend the DnxvttSHiy of St. 
Andrews (1808-1867) and later proceeded to Bdinbnif^ wbme he etntied 
medicme, taking the di^omas of mediome and atugny and teeeiving tiia 
degree of MJ>. in 1800 (}ngtadaatmg,heiikaappaiiiiied AadstantShyateiaa 
Ao Hurray’s Boyal Asjdum, Perth, and tq^etni&ed in the atudy of mmital 
eSaeaM, on which eubjeot he published a number of papcfs. halSiQhBbeeaaaB 
M edical Sapenntendent of Perth District Asyhim at Marthly, a poattion wlwA 
ba held untd 1888 In later life, when occupied with wUely diSnent work, be 
latained hu interest m lus old profession, and in 1800, aa pretident of the 
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Fifeal^ Medical Aesooiatioti, he gave anaddnnoa thr inirgimT nanrin that had 
come tmder his aotioe m the twenty yean of asylum pmctioe at Murldily. 

Tfaiough all these yean, however, the mterests of his boyhood omdainud to 
claim an increasmg share of his attentioo. At Edmbuzghi where he studied 
imatomy under John Goodair, he had pubbdied a paper on the anaiigemeut of 
the muscle-fibres m the bird’s heart. Hts thesis far the degree of M D., for 
which he received a gold medal, was entitled “ ObaervatioiiB uid Ezpenments 
on Caroimu nuetuu ” and dealt mamly with Ihe physiology of the nervous 
system m the shore-crab and its reactions to various drugs It semns to have 
been the influence of another of his teachers, G. J Albnan, that turned his 
attention decisively to manne zoology. He accompanied Allman on dredging 
excursions m the Firth of Forth and learned ficom him the use of the dredge 
and the tow-net. He began early the long senes of faumstio papers which ware 
continued down to the last years of his life. Much of his matenal, as already 
mentioned, came &om St. Andrews, but he also made ensuzsions as fat afield 
as the Channel Islands, the Shetlands, and the Onter Hebrides to study the 
manne animals A senes of papers on the St Andrews fauna was afterwards 
reprinted m a volume, “ The Manne Invertebrates and Fiahes of St. Andrews,” 
pubhshed m 1875 

The groups to which M'lntosh’s attentum was specially given were the 
Kemertme and Polychsete Woems. A senes of papers on these led up to his 
great “ Monograph of the Bntoah Manne Annehds,” published by the Bay 
Society, of which the first two parts, dealing with the Nemertinea, appeared 
in 1878 and 1874 

McIntosh’s work on the Nemertinea was the most important of lus eoB> 
tnbttlaoiis to pure zoology. The worms (rf this gtot^ are in stune ways peouhady 
difficult to study. Many of them are too large far mictosoopui examination 
of the entire anunah to reveal much of their internal structure Their pulj^ 
consistency and the fact that all the oxgane are embedded in a oontmuous 
parenchyma make disseotum almost impossiUe, and the techmque of seotum' 
cutting was at tibnt tune u its infancy Nevertheless, Hlatosh suooeeded, 
by metiiods that now seem primitive, m makmg out tibe mam features of tbeor 
anatomy. Later investigatois, working with microtome and Msbedding-ba(A, 
have addbdsumydrtajls but have found suiprisinc^yhttle to cmieot MTntoah 
failed to discover fine eanab that form the excretory system, btSl, on tto 
other hand, he was the first to make clear the relatlmui of the chaiaetmistio 
mad cenapifaated probosns and its ebeath. <Mto Bffager in hie xnonognijffi 

of the Naples Nmasrthiea (1895) pays oordisl tribute to "INe i^t nwnde 
MopogMphie dsK BntisAen Nmuertmen von M’Latosh, die ki fau^stfather 
nnd systematisiffier Hm^t Uaaohftddiares galsislet hat/' 

Afbw tlm piddisaiticin of tbeffiest two pacts the Annelid monogn^ was bad 
asids anid it was lut tmtfl 1900 that a begbma^r was made wxdi ihe Folyohieto. 
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Thereafter, the sucoesBiTe parts appeared at mtetrala of some yeaa ustd m 
1923 the present writer had the unusual experience of seeing tifaroa^ the press 
the final sheets of a work that had begun publication when he was m fan cmdle, 
half a century before The monograph is lUustmted by nuinetoua exquisitely 
executed plates, many of them m colour, largely firom dmwmgB by Min Gunther. 
Although the work will always remam <me of the dassies of the subject, it 
mevitably suffered from the long period occupied m its publication M Intosh 
spared no pains m keeping abreast of the most recent literature, but it was not 
to be expected that a work planned m 1873 should reflect adequately the pomt 
of view of 1923 

Another important work on the PolychietA was the report on the collection 
obtained by the Challenger ” Expedition, which appeared in two large quarto 
volumes m 1885 Its preparation occupied M'lntosh for seven yrars Among 
many other novelties desenbed m it was the remarkable 8ifl*a ramoaa, which 
still remsms the only known instauc-e of lateral budding in a normal Poly- 
ohwte 

While engaged on this collection, M Intosh received from the “ Challenger 
office specimens of vonous problematical organisms which had been rejected 
by other specialists as not belonging to the groups they were studymg Among 
these was perhaps the greatest zoological novelty obtamed by the expedition, 
the ammal to which he gave the name Cephalodtmu. He gave a careful and 
detailed description of this and correctly recognised its affinity with Allman’s 
Bhabdoj^eura. It was Haimer, however whom a short but pregnant appendix 
to M’Intosh’s report, pomted out the relationdup of CejMoiuous to BaJano- 
tjlossus and the Chordata 

Meanwhile events had occurred that diverted M'Intosh’s activities into new 
channels In 1882 three of the chairs of Natural History in the Scottish 
Universities received new occupants Sir WyviUe Thomson died and was 
succeeded at Edmburgh by Ooesat Ewart, thra professor at Aberdeen The 
Aberdeen chair was filled by tbe translatioo of AUeyne Nicholson firom St 
Andrews, and M'Intosh returned to his native city as Professor of Natural 
History In his inaugural address, after giving a sketdi of the advances in 
marme zoology and particularly of the deep-sea ei^raations of the ^ceding 
decade^ he strongly urged the establishment of a marme laboratory at St 
Andrews Although the plans which he drew up for this could not be realized 
at the tune, an opportunity came a few years later 

In 1883 a Boyal Oonuniasion was appointed under tite diamnanship of Lord 
Dalhouue, with Huxley as saentifio member, to mquiie into tbe ptoUems 
raised by the introduction of beam-trawbng and its effect upon the sea-fishenes 
of Scotland M'IntoBh, who had publiAed aevnal papers on the life-history of 
the salmon while he was at Morthly, was appointed to oondoot saentific mvesti- 
gations for the Oommiaaion, He tloew himself into the task wnth his wroated 
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enecgy and enthosiaam, and, although he was by no meaaa uamime to the 
diwomfogrbs of work at aea, earned out a number of eacpermimtal ennaes on 
board a oommetcial trawler and ptoduoed a report withm a year. Peroetving 
the need for laboratory woric on shore, he suooeeded, with the aid of a small 
grant from the Commission, m establishing at St Andrews the first marme 
laboratory m Great Bntain This was opened in 1884 in a small wooden build- 
mg whidi had been hastily erected pk few years before for use as a fever hosjutaL 
The building was barely weather-tight, the only boat was a small yawl, and the 
staff consisted of a smgle fisherman, known to generations of students as 
“ Professor ” Brown It is not too murh to say that for the next ten years at 
least this modest establishment was the headquarters of Bntish marme re¬ 
search Besides M'Intosh and his pupils the list of zoologists who worked 
there moludes the names of Ray Lankester, A G. Bourne, Hubrecht, Nansen, 
Burdon Sandersem, Gotch, and many others of like distmotion When, m 
1896, the wooden laboratory was replaced by the stone building provided by 
thegcueroBity of Dr C H Gatty, the example of St Andrews had been followed 
elsewhere and the necessary support became moreasingly hard to obtam 
Smoe the war, the Gatty Laboratory has stood shuttered and deserted 

It was m 1866 that the late Professor G O Sars, m Norway, laid the founda¬ 
tion of scientific fishery research in a little paper m which he traced the life- 
history of the cod and showed that its eggs fioat at the surface of the sea 
His work was followed up to some extent, especially m Amenoa, but it was 
M'Intosh and his pupils who first showed that all our marme food-fishes, with 
the notable exception of the Hemng, have pelagic fioatmg eggs, and by their 
detailed desonptions of the eggs and larval stages made possible the modem 
developments of manne fishery research. M'Intosh’s work m this field was 
summarized m a book " Life ^stones of Bntish Marme Food-Fishes ” which 
he wrote together with Dr A. T Mastcmian and publidied m 1897 Ebs views 
on more general fishery questions wore set forth m another work “Has 
Besonroes of the Sea,” published in 1898, and m a second editon m 1991 
This book deals with many questions that are still matters of controversy, but 
its m«n concluBum will meet with a oonsideraMe measure of assent—'* It is 
true that the larger examples of the common spemes of food-fishes become 
fewer by persiztent fishing, but it cannot be said that, in the case of either 
round or fiat fishes m the noajonty of the areas, signs of extinction are 
apparent ” 

As a zoologist, M'Intosh’s mterests were those of the field naturalist, and it 
was perhaps unfortunate that the mam part of his workmg hie fell m a period 
when zoologists tended to be interested only m the problems of moiidiology 
and fiBobiyology. It u ewkat from his writings, and it was still num evidmit 
to those who came m contact with him, that he had a clearer oonoeptHm the 
broad outimes <rf mazme ecology than many of his contemporanes. The late 
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Dr. NelaoD Azmandale onoo told tho preseat wAtif tbot Uv Sat fealisKtkm of 
^H^t •oology mieaat came from a aoaside 'waSc %iA IC'Itttodi. 

No good higUasder really dtslikes a fi|^t, and at tiie eoaaeil ti^ ot m 
pablio ooutroveny M'lntoah 'was acoustoioed to maiptam hk pomt of view 
with a tenacity wbich he iqipoaeatB wa» apt to deaoribe ae ofaetnuM^. Di 
academic pohlaos he played a conqiioaote part, ••, for inatanoe, in Ihe em¬ 
bittered deputes that delayed the inoorpomtioii of Umvemity OoDege, Dundee, 
in the Umversity of St Andrews 

Many academic and other honours came to M'Ditoah m the course of his 
long hfe He was a recipient of the Boyal Meddl m 1899, and m 1924 he was 
awarded the Lumean medal 1^ the Lmnean Society. It can be mentioiied 
now that the first suggestion of his name for the lat^ honour came from his 
bfe-kmg fnend Sir Bay Lanlmster Of the many scientific sometieB of which 
he wasa member, none claimed more of his mterest m his later years thim the 
Bay Society, which he had joined so long ago as 186S He became its piesi- 
dmt m 1913 and thenceforward took a very active part m the management of 
its afiaiis. In apite of his remoteness from London he rarely missed a ooimeil 
meetmg, and it was in retummg frian such a meeting m March that a 
hitter east wind and the uwKmsidoratenesB of some feUow-passengeis led to a 
chill that even his iron oonsktution foiled to shalm o£E. The first of Apnl saw 
the close of a career that was pursued to tlw very end witili smgle-inmdhd 
devotion and an industry that seemed as if it could never flag 

The portrait is reproduced from a photograidi kmdly lent by M'Intodi's 
nephew, Dr. B. T. QUnther. It was taken m August, 1928, by Miss Alice 
MitcheU 
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WALTER ERNEST DIXON—1871-1931. 

Waltba Ebnbst Dixon, who died suddenly on Ai;^ast 18 lost year, was one 
of the small number of whole-tune teaohesm of phannaoology m this oountxy. 
His premature death at the age of 60 has deprived his oolleagues of a charming 
and much-loved friend, and is moreover an irreparable loss to his subject, lor 
not only had he done pioneer work in establishmg the science, but also he had 
a remarkable gift for interpreting to the medical profession and even to the 
general pubbc the meaning and importance of the soimtifio study of the action 
of drugs 

Dixon was educated at Dulwich and at St Thomas’s Hospital and qualified 
m 1896 After holding house appomtments he took a poet m the phjimological 
department and henceforward devoted himself to teaching and research 
He published his first scientific work whilst holding a Salter’s scholaieh^ 
at St. Thomas’s Hospital These papers were on the two drugs of addiction, 
mescal and cannabis indica, and on the action of orchitic extracts The two 
subjects of drug addiction and endocrmolqgy contmued to interest him 
throughout his life In 1899 he became assistant to the Downing Frofessw 
of M^cine and resided at or near Cambridge for the remamder of his life 
For a time he held the chair of Pharmacolc^ at King’s College, London, 
concurrently with this appointment, but in 1919 he resigned the chair on his 
appointment to a readership at Cambridge He was elected a Follow of tile 
Royal Society in 1911. Durmg the years 1914-1919 he served in the Royal 
Navy, and was employed on important services abroad, for which he was 
awarded the 0 B.E at the termination of the war 
It IB difficult to give any short account of Dixon’s scientific work, because of 
Its wide variety He had an exuberance of ideas and new snbjects mterested 
him mtensely He did pioneer work m opening up numerous new fields of 
teseanih, but often left theix full exploitation to others 
In ootlaboration with Brodie he investigated the innervation of tiie pul' 
monary vessels and the bronobal muscles This work which was pablisbed 
in 1903 and 1904 led, amongst other results, to the conclusion that qpasm of 
the btoBolual muscles was the fundamental cause of acute attacks of astiuna. 

In odhboration with Halliburton he mveatigated the factors oontiolUag 
the amnetion of cerebtO’Spmal fluid, and the question of qbeoiiption of mh- 
itaiDoea ftotu this fluid. Thu work was pnUiahed from 1912 to 1914 
Oha of the most important pieces of work tiuit he did in post-wai* yeont waa 
ti» daaoiMti«tion of the influence of the Ovaiy on the j^tuituy ^and. b 
1923 ImlaandtiiattiM posterior lobe of thia|^and,aeoNtiog into tits oecd>io> 
ipitMl flulct, spet^floally excited to tine secretion by oveifon oacttaCta. 
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Next year, with F. H. A. Matahatt, he e^owedthat1to«rffeBtwiiBooly pWKiw ed 
by extracts nude from ovatieBwU(di<MQOto(MKt|ita«Hqp(M»hvta Ibis mu 
some of the first work to reveal a poitaon eiiiip|Jinf yi»*f?"g 

the aotivitieB of the pitiutaiy uid the ovaaea. 

In addition to the researches mentioned, Duronpnbbshed a large number of 
papers desonbing the action of individual dr^gs, and also conttibuted many 
artioles to sjwtems of pharmacology. Any summary Damn’s paUioatums 
would, however, fail to mdicate his influence on the scienoe ^utmaoology. 
In the first place he was a bnlliant and stimnlating lecturer, and as Dr Q. H 
Dale has remarked '* Fharmacologuial teaching m England, when Duran 
began, preeented an unappetismg mixture of half ohaokte matena medtoa with 
empirical therapeutics. In Dixon’s hands it became a bvely adventure m 
expenmental smenoe.” A whde generation of students of mediome at 0am- 
bri^ was taught by him, and this direct perscnul influence was extended to 
a wider field by his excellent Manual of Pharmacology. 

Furthermore Dixon had a great tnflnenoe m promoting research His 
enihnsiasm for new ideas has already been menticmed, but it must be added 
that he was true to hu chosen motto “ Din n'ett nen fain ett tout,” and 
showed great enterprise m devising new eiqpraimental methods He had, 
moreover, a remarkable instmot for recognuHog ptomismg new lines of reseatdi, 
for example, as early as 1906 he prodiraed eiqienmental evidence lor the 
hypothesis that the efleot of impulses m the vagus nerve waa Izaasmitted 
by bberation of a chemical substance at tiie paqthfiial toininations of the 
nerve, although it was fifteen yean later before oonohuive evidence for this 
vuw was supplied by other workers 

In post-war years much of Duran’s tame was oooupied with public work 
He served on international oommittees of eiqierts that advised the League of 
Nations on drug addiotion, and on the biolngioal standardisation of drugs 
He alao served on many Government committees which dealt witii such aulqeota 
as food preservatives, lead-ethyl and drag addictaon. He also was an active 
member of the British Medical Association, and did nnwh to guide its scsentifio 
activities. Amongst others of his acUvittes he wm English editor of the 
' Journal of Phamacdlogy and Experimental fherapeutiiOB,’ and also edited 
the pfaarmaoologiod sections of the EAhoh Fhaimaoeutraal Codex 

Dixon always fdt that science of phaimaooikigy was dangeraiuly Ufli^eoted 
in this country, fhat our parasitic position as regards the dmoovesy of new 
drugs was a national reproach, and ^t in the taaohiBg of medume ihe siflijeot 
el treatment suffered undue neglect. He wodvd. indefatigabty to advance 
his snbject, and the impartsnce of his eflioia will be more thw evw teoognued 
now that they have ceaied. 

Ibrcmg laoeat yean he received many honMOS. He was piMideui «f the 
^IbytMihigiflal Section of tiie British Association kt 1989, end m 1999 be waa 
de^ a Ftilow of the Eoyal OoUege of Physstiaai and noeived the hononiy 
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ci UIhD. feMa tfnbrMil^ of BCaaltobk. He luA teotnUy been 
appointed Ctoofilon leetonn at ibe .Itoyid College id Hbyniseiie of fxmdtm. 

The igtjMt infitienee that he exerted was largely dne to hu power of in^tring 
affeotiOD. His was a wann>hearted and unselfiah peraonahty, full of lotereet 
and charm. Studuits who worked under him found not only an inspiring 
teacher but also a kmdly friend always ready to give hdpfol and shrewd 
advice 

Dixon’s home life was closely linked to his smentifio aotavities, for he and his 
wife were the most charming of hosts, and for a generation made their home a 
centre of hospitality to his colleagues from this and ofher oountnes. 

A J.C. 


FRANCIS ALEXANDER TOWLE—187A-1932 
AsmtaM Secrelary to the SoyeU Sootety, 1921-19.12 

By the death of Mr Francis Towls, on Januaiy 10 id this year, the Royal 
Society lost one who had given faithful and efficient service to its afians for 
over thirty years It seems fitting that this obituary senes, though usuallv 
limited to OUT Fellows, should molode a bnef memorial notice of one who was 
still servmg the Society as its chief permanent official at the tune of his death, 
and was wholly devoted to its mterests even in his last dlness 

Mr. Towle was born at Nottingham on March 19, 1874, but his parents 
moved to Birmingham two years later, and he was educated at King Edward’s 
School in that city, and subsequently at the Midland Institute Mnmcipal 
Technical School As a youth of seventeen years he came to London, having 
obtained a post with the Art Union of London, a firm engaged m the repro* 
daction of works of art by photoengraving To this early employment ho 
probably owed a skill and mterest m photi^mphy which he letamed for many 
years, becoming a weU>known member of the Camera dub In 1899 he jomed 
the office staff of the Royal Society as A ssistant Cleric to the Government 
Grant Committee, and was promote to the dericship two years later. He 
held this position for twenty years, dunng which he made ficiendly contaot 
with many EyUotws, earning their regard hia eoniteoua help, and becoming 
devoted to fiiwiiistti^ and the traditions of the Society which he served. When 
tW post of Asristsnt Secretary and Ltbrnnan became vacant m 1931, tbe 
Coundl pcomofod Mr. Towle to this ohisf pontmn on the permanent atsl^ 
and thei* deqhfon w«s gsnemlly welcomed by the Follows. 

Mr. TfijWlftindaed ww fitted for the posttnon by many qualitiM ^riMtaeter 
and teoifiNwmmA Ste was oonaoientioiia, medeat and antinty ansaUah; 
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he had a quiet, and genial manner, and the gift of a gentle, though on oooasMai 
incisive, humour He was unmarried, and his family and personal ties were 
so few that it was a matter for comment among the Fellows who knew him 
best how little they knew of his life apart from the Society His bfe, mdeed, 
became mcreasmgly there centred, and his peiscnud relationships were largely 
those which his official position brought His appreoiatum of the Society’s 
scientific actmtiGB was not, at any pomt, more than that of a thoughtful 
layman His nearest approaches to directly scientific interests were through 
photography and practical engmeeniig, both practised as hobbies He made 
no pretension even to expert knowledge of the Society’s wealth of early 
scientific documents He had the modest kmd of ability which finds its scope 
in the efficient oversight of practical detail and routmc He was a staunch 
champion of the Society’s interests, enthusiastically loyal to its traditions, 
jealous for its prestige, and quick to suspect encroachment on its prerogative 
If you ventured to criticise the Society, you did so at the risk of his enmity 

Such absorption in the life of an ancient Society could hardly fail to mduce 
a habit of respect for precedent, and of suspicion with regard to change It 
might well be argued, indeed, that a proper part of the function of an Assistant 
Secretary, with a life-long experience of the Society, is to maintain and to 
transmit its traditional usages, and to protect them from unnecessary or 
inadvertent change, at the hands of Fellows holdmg office for relatively short 
terms Mr Towle was still a comparatively young man at the time of his 
death, but this conservative tendency was already manifest m his attitude to 
matters of form and detail On many occasions I have heard him lament the 
lapse of our Fellows, especially of those more recently elected, fetnn the standard 
of formal courtesy thought proper to communications with the Society m the 
Victorian era, towards the end of which he entered its service He never 
quite reconciled himself to the custom of smokmg m the tea-room before the 
Moiety’s meetmgs, and his sense of propnety was seriously offended by the 
casual dress m which some younger mvestigators attended to oommumcate 
their work at the Society’s mvitation. 

While he was thus tenacious of tradition m matters of form, Mr Towle 
moved loyally with the Society m the great change which oceuned m its 
activities in the period followmg the War At the time of his aiqiomtment, m 
1921, as Assistant Secretary, the Society was just entering up<»i a penod of 
peculiar difficulty The first two of a series of major gifts and bequests, which 
have m recent years been entrusted to the Society to be adnunistered for the 
support of research, had then been received In the years that followed the 
Sony’s respoDsibilittes for the adminis^tum of such Trusts continued to 
expand, while the great nse m costs had reduced tibe value of its moome, for 
Its own ordinary puqKwes, to the pomt of 8«nous endiartassment Theannual 
Bubsonptions cd the Fellows were inoreaNd; but the new and prognssive 
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d^manda could not have been met without Ifr Towle's byal aooeptanoe of 
the moreasmg vdume of work for himself and hts staff, and hia watchful core 
for economy m the Sooiety’a own 03qmndittize« When the sitoatton recently 
became eaeier, partly through generous bequests for the Society’s general 
purposes, none was more eager than he for improvements, many long overdue, 
m tibe amenities, the decoration and the lighting of the Society’s rooms, and 
m the care of its nch heritage of fine portraits 
Most of the Fellows knew Mr. Towle as a courteous and obliging ofiSmal, 
some knew him on a more mtunate footmg of pleasant friendship, but only 
those who have been respcNOSible for the administration of the Society’s business 
know its full debt to the service of one whose life was qmetly but completely 
devoted to its interests 

H.H D. 
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